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DESIGN AND PHLODUCTION OF HIGHLY ACCURATE AND
STABLE SURFACE WAVE BARKER CLDE CORRELATORS

T.M. Foster
C.R. Vale
R.L. Thomas

Westinghouse Defense and Elactronic Systems Center

ABSTRACT

A very stable and precise 30 MHz, 13-bit Barker code correlator
has been developed for radar pulse compression. The correlator
uses X-propagating surface waves on an ST-cut quartz substrate with Al
transducers. A study was performed to determine the factors affect-
ing repeatability of the center frequency. The frequency was set to
an accuracy of 1 Klz by making a series of slightly differeat photo-
reductions of a master transducer pattern and selecting the reduction
which yielded the desired frequency. In production quntitres the

center frequency has beeu repeatable to * 5 kliz by carefully con-
trolling the orientation of the photonmask with respact to the crystal
axes. Frequency deviation over the temperature range of -40*C to

+900 C has been less than 2 KMz. By accurately controlling amplitude,
frequency and phase, a 22 dB ratio of correlation peak to maximum

' sidelobe level has been achieved compared to a theoretical maximum

of 22.28 dB.

INTRODUCT10N

'TLos papec devciibee the devciopment and production of 30 MIz
13 bit Barker code surface wave correlators to replace correlators
(or decoders) consisting of 13 bulk wave delay lines for pulse
compression in three production radar systems. The Barker code is
generated in these systems by an electronic encoder which operates
independently of the decoder, and hence, the frequency of the decoder
must be independently adjusted to that of the encoder. For proper
target detection these systems require at least a 21 dB ratio of
correlation peak to maximum sidelobes, compared with a theoretical
maximum of 22.3 dB for a 13 bit Barker code. In addition, the decoder
is required to maintain this 21 dB ratio over a temperature range of
-40°C to +90*C. In order to achieve this performance, the correlator
must have transducers with very accurate and stable amplitude,
frequency and phase responses.
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FREQUZNCY CONTROL

We have found In practice that in order to obtain a Z1 dB ratio
of corrclation peak to maximum sidelobes, the center frequency of
the decoder must ba withit approximately 8 Klat of the frequency of
the encoder. This can be meen in Figure 1, which whows the response
at the center frequency and at 9 KiU aw&y from the center frequency.
The correlation peak does not decicase significantly at 9 K10t off
the center frequency but the valley betucnn the peak ind the first
sidelobe increases until it is higher thcn the first sidelobe,
decreasing the peak to sidelobe ratio to 21 dB. Figuru 2 shows
further degradation of the peaL-to-sidelobe ratio as the f-equency
deviation increases. The response for frequency increments of
approximately 16 Kit is Jbrcw t.arttng with the center frequency at
the boteum. The sidelobes increase repidly and the main lobe
decreases until the peak-to-sidelobe ratio reaches unity at apprcxi-
mately 35 ilz off the center frequency.

In order to allow for possible frequency errors within the tadar
systems other than those due vo the decoder, the frequency devia-
tion limit for the decoders was set a ± 5 Kz instead of the ± 8 KlHz
required for the system. To obtain a device with u center frequency
within :L 5 Kt of the desired cer.ter frequency, the fullowing procedurt
was used: The original photomask was made on a coputer-controlled
plotter at 20 times the estimated final size. Since the velocity of
surface waves on the quartz used was niot known to the desired
accuracy, the exact photo reduction ratio could not De determined
without m-king Aatv4 tes and mcanaurlng the ceinteri £i~tz~ue1Acy. The
camera was set for a reduction of 20:1 and a series of photo reduc-
tions was mqde near this setting by moving the casera mount in small
increr.-aeate to produce slightly larger and smaller reductions,
correopondirss to frequency increments of approximately 0.05.. Devices
were rade with each mask and checked for frequency of beat correla-
tion. Tese dats points were ured to plot a rough curve of frequency
vs. cameia setting. Then another series of masks was made with 0.01
frequency incret,.nts and centered at the camera setting nearest
30 HIz. One of tlhese rAasks was usu ally the final mask for making
the decoders in production.

DEVICE DESCRIPTION

A photograph of the decoder is shown in Figure 3. The launching
transducer has 7 pairs of .nterdigital alumtnum electrodea and the
receiving transducer has 13 vets of 7 pairs, each in the appropriate
pooition to yield the phase relationship necessary for decoding the
Barker coded signal as it propagates along the surface. The sub-
strate is X-propagating ST-cit: quartz. This cut was chosen because
it has a surface wave velocity which is nearly constant over the
temperature range of -40cC to +906C. Figure 4 shows that the peak-
to-sidelobe ratio is greater than 21 dB over the tempern-ture range of
-60C to +100 0C, which is a wider range than the systcm requirement.



The quartz avbstrate is glued toe a pri-r.teu :ivc'it board to aid
In assembly Into a paAage. Gold leads are bondud to thi aluminu
transducer pads usirm thcruocompression bonding. The other end of
the lead is bonded to tie pr1iZn.* circuit board which is, In turn,
conneted to herumticaily sealed pivs mounted in tho p'ckag5. Trans-
formrs are used at the inpu ani output to matrh the imq)edancc of
both transducere to 75 ohms. A metal shield is pl.ced above the
suabbtrate to prevcnt elettratamgnetk. f%.,.through from the input to
the outpuc, which p:-odaces a spurious signal. A metal lid is solder-
sealed to the )ackage to prevent long reru degradaticn of the cer-
formance duo to corrosion of thj aluminum ot co,.dnsaticu of watuir
velor on the substrate.

VREQUIENCY LRRORS

The errois Lnb~rent in this manufacturing proceso were estimiLed
in orosr to determiae whether it would be possible to prodce
decoders at the correct frequency witb a high yield.

There are several possible soutces of frequency error, which can
b6 classified as eitlcr errors in th3 surface wive velocity or error,.
in the size of the transducer pattern. Size errors can occur in the
photoexposurc proacss and cause the decoder pattern to be longer or
shortLr the Lilt'.JWuJ, ULltUU JUjJeL LuA.iv -LB LCMUK. I1h" UOU U..

collimated light greatly reduces size criors, however, and we
estimate that the total frequency error lur to incorrect size is
less thao 100 Rz.

Much larger frequency crrors can rcsult frcm having deviations
from the corracc surface wave velocity. Wne &,.urce of those velocity
crrora is misorientation of the pattern with respect to the crybta!
ax.s. Since the pattern is registered witb roepect to a refk:reuce
edge, an error in the orientation of tie pattern or the crystal axeL
'ith respect to this edge can cause velocity and frequency error#..
Our c&lculatioa of *±requency err- atic.w that X-axivi misreitstlru.o-.
wi', cP-oe no more than .4 ft devietio. troow thM doriirr:d (v'equcncy.

The most serious error oc.cuvs ai a retult of deviation of the
quartz cryxstal'n face norm&l from the desired direction. Tiie surface
wave velocity a a furction of the direction at the pl3te roruti IF
ohown in Figure 5.. 1 ST-cut quartz "corresponies to an argle of 132. 75
on this graph. The slope o.( veloclty vs. angle at thin point is
approximately 0.94 uwters per & acoitd per angular degree. Crystal
manufacturers can hold the Lace noral to * 15 minutes of arc for
substretes cut frc'u di (ferent crystals and to less than 15 minutes
Ior vubstratee cut frcwn the same crystal. This angular error corres-
pods to a frequency error of 2.3 KRz.
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Another posmible souvc, of freqwmy error to the variation of
.Tftce Fave vaLocity from mw quarts ciital to another due to

cape¢ oher -.han axis oLmsregLatratLous such as Lopurities in the
q-A&rts. Crystal manufactuxeOr do not specify the surface wave
vlocit- to the 2 parts Ln 10 precision required to "sure a fre-

ouamcy akuracy of better than 3 Ms out of 30 NHs. Rovwer, the
velocity omiformity from one batah of quarts to another has bee*
exci1 .t, and loes than 102, of approzLuately 200 decodera made in
productom to date have been more tbn A 5 KUs from the center fre-
qu~wy.

C(*4CLUS10614

in conclusion, a 30 MR bulk wave Barker decoder has been
reple.zed in production by a surface wave tapped lin. decoder whLch
achLq s a 21 dB peak-to-sidelobe ratio and a frequency accuracy of

5 K . over a temperature ranse of -60"C to +100"C.

1. A.J. 8ichdnik, Jr. and .D. Conway, Mcroave Acoustics Readbook,
Volume 1, AFCRL-70-0!b4, Axr Force Cambridge Rsea--h Laboratories,
1970, p. 59.
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13 Bit Barker at fc

13 Bit Barker at fc+9KHz

71-1390-BA-74

Figure 1. Decoder Response When Peak-to-Sidelobe Level Decreases Below 21 dB
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RESPONSE SURFACE

13 BIT BARKER 7-139o-7

Figure 2. Decoder Response at 16 Kilz Frequency ITucrements
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0-4)%I

Figure' 3. Phot ograph of ProduIction Decoder
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LOW DISPESION VHF SURFACE WAVE

ACOUSTICAL FILTEM

J. Acevedo, R. A. Moore, H. Jones

Westinghouse Electric Corporation

Systems Development Division

Baltimore, Maryland 21203

ABSiRACT

A low dispersion filter has been developed at 70 MHz using surface
wave acoustics. The filter has a -0,3 dB bandwidth of 7 NHz and a skirt
selectivity which provides a fall-off from -0.3 dB to -35 dB in 2 MHz.
Group delay ripple is limited to + 25 nanoseconds out of a total delay

obtained by using existing computer programs.
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Great progress has been made by numerous authors In demonstrating the
essential properties of filters utilizing acoustic surface waves. The type
filters being discussed Exe those which consist of a series of inte,'iigltal
ft.ngers on the surface of a piezoelectric crystal or piezoelectric fiii: -n
a nonpiezoelectric crystal. The interdigital finger-pairs are spa..d jn
approximately half wavelength centers such that the electrical field sti uctrre
is in synchronization with the acoustic wave for the center frequency band
of the transducer. The geometry of a surface wave filter is such that if
the adjacent finger-pairs are of alternating polarities the field lines
between the electrodes generate acoustic waves that propagate in both directions
unde'neath either transducer. The secondary trnsducer thus receives half
the energy.

Work has been carried out by different investigators toward providing

an adequate description of the surface wave transduction process and charact-
eristics related thereto. Much of this work has been based on the assumption
that the energy coupled at each finger-pair is very small compared to the total
energy which passes by the transducer. This assumption is the basis for
using the impulse response model described by Tancrell and Holland in the
March '71 issue of IEEE. This result is identical to that generated previously
using an equivalent circuit model by Smith, et. al., in the IEEE Transactions
on Microwave Theory and Techniques, 1969. In both cases it was shown that
the frequency response of transducers can be represented b.- a Fourier trans-
form. Much design work has been reported in the literature based on this
approach to calculate properties of surface wave acoustic filters.

This approach has succeeded in explaining the major characterietics of
surface wave acoustic filters. Perhaps the most desirable characteristics
in acoustic surface wave fiIters is thcr reproducibili.Ly. in principle if a
filter of a given bandpass and dispersion characteristic is designed it can
be reproduced to an exceedingly high degree of precision at low cost., This
should make the filter particularly useful for applications in which a large
number of filters are needed. The present design approaches which make use
of the assumption that the acoustic wave is sampled lightly at each finger-
pair provides an excellent means for achieving gross filter characteristics.
It cannot be used to achieve the very low dispersion characteristics which
was the objective of the filters to be described. It will be shown that a
very pronounced phase shift is due to the loading used to set up the metallic
finger pattern. Key deficiencies of the lightly sampled apprcach are the
ignoring of the direct loading of the metallic finger pattern and the periodic
loading of the electric circuit.

There are some efforts being expended in order to achieve improved

description of surface wave transducers. None have been applied to low
dispersion, flat top frequency response, filters. The authors have improved
on the lightly coupled sampling approach by creating a periodic loading of
the piezoelectric surface. This loading leads to periodicity which causes
an attenuation in a portion of the filter bandpass. The presence of the
metallic loading leaes to a 15-25 nsec time delay discontinuity at the center

frequency of the filter. This corresponds to a five degree change in slope
of the phase (haracteristic at the same point.

10



With very lightly coupled materials, such as quartz, reasonably good

results can be obtained using only the impulse model. Properties of quaatz
can be made relatively insensitive to temperature fvr appropriate propagation
directions. Thus quartz is the clear choice where prsoise work is desired.

This neame consideration was involved in the Barker Code Demod.lator describd
in a paper by Thomas, et. al., at the Ultrasonic Symposium in December 1971.

The design of that filter required a compensation for a h 63 attenuation

along the length of the filter. Many detailed cha1.;eristics of the sub-
strate as well as the synthesis technique must be considered to achieve a

good reproduction of the decoded Barker signal.

Since the frequency characteristics can be represented as the Fourier

transform of the active finger-pair lengths, synthesis is then based on the
following procedure:

(i) Computation of active finger lengths to provide desired frequency

bandpass by using an impulse respqnse. For the square frequency
response filter this would be a - except for the finite length
of the transduger. A good approximation is achieved by suitably
tapering the n time side lobe amplitudes.

(2) Computation of frequency response of two cascaded transducers
representing the input and output of the filter. We have used
constant finger overlap lengths for the second transducer. (By
virtue of reciprocity it is immaterial whether the frequency
selective or constant finger length overlap transducer is used as
4-1- 4 ,n...4. __ -- ,4- unlcr nnn-c4 #4, matching conditioins riir'.tQt

one arrangement or the other. We shall refer to tie frequency
selective transducer as the primary and the constdnt-finger-overlap
transducer as the secondary element.)

(3) Optimization of response of two transducers. By virtue of the
linearity of the Fourier transform, the active region of the filter

is divided into N (N = 100 for our program) "channels' as shown
in Figure 1.

Each transducer finger intersecting a particular channel must, because of the

iriterger finger length constraint, launch or receive acoustic waves uniformly
over the width of that channel. Due to the assumed linearity of the acoustic
medium, the transmission through a single channel is equal to the sum of
the traneniosion between each launching finger edge and each receiving finger
edge. Furthermore, because of the assumed nonattenuation of the propagating

wave and the assumed equipotential of all conductively connected points, the

channel transmission (except for delay) between any launching-receiving pair
of finger edges is the same as between any other pair.

'he program developed takes each of the 100 channels of the active

region in turn, computes the transmission through that particular channel

and adds this contribution to a running sum of all channel transmissions.

11



This arrangcment pro-viders for computation of the frequency respcnse of

the two transducers as a unit. OplimI.zaticv. was then carried out by letting
each finger in sequence occupy a rrester or lesser number of channels. The
optinization routine rtupz wno fn: *r\-ovement can be obtained by varying
the length of any firzmger.

The remainder of this paper will be a discussion of two filters that
were developed with the objective of providing dispersionless operation
with steep filter skirts and a nominally flat response. Figure 2 shows
thr interdigital structure. Quartz was used for the filter, metallization
is evident by virtue of the lighter color. The time side lobes of the filter
are tapered to an approximate cosine pattern in order to provide an optimum
square shape for the frequency response. The detailed taper of the side lobes
is modified by the synthesis procedure described earlier.

The properties of the filter are illustrated by Figure 3. This shows
the center frequency of 70 Wiz with steep filter skirts and low spuriju .

response. The bulk of this spurious response are buk waves which go through
the crystal, reflect and come back to the surface to interact with the
secondary transducer. Since these can all be eliminated vith srrface treatment
they will not be considered further here. Figure 4 showb more detailed
characteristics of the amplitude response as well as the phase ciaracteristics.
Eccept for a slightly attenuated region in the upper half bandpass Lbis
response appears to be that of a reasorably rounded top filter with some
minor periodicities throughout the bandpass region. These minor periodicities
in amplitudes vary between a tenth and 2/10th of a dB and are largely due to
multiple reflections in the crystal. Most of which can be eliminated by
proper surface treatment. The triple transit echo can also be suppre.sed by
taking reasonable precaution. It should also be noticed that the phase
characteristic is a straight line except for a break at the center and the
same periodicities which amount to approximately a ripple of + 2 degrees.
In addition to these pariodicities howevtr, the phase characteristics have a
distinct break in which the phase shifts from approximately 7 degrees per MHz
to approximately 12 degrees per MHz or a difference of about 5 degrees. Since
the phase slope is relative only the difference is significant. This change
in phase slope levels to a distinct delay step in the approximate center band
frequency of 70 MHz. It should be noted that except for this distinct shift
in slope, phase is substantially dispersionless across the bandpass and shows
no tendencies to be dispersive even at the band edges.

Figure 5 shows the group delay characteristics of this filter. We can
see that there are numerous periodicities with frequencies of 300 and 600 KHz
and they can be related to the forementioned effects.

The curved top of this filter was due to the fact the synthesis was

carried out ignoring the characteristics of the secondary transducer. Figure 6
shows a flattened top amplitude response by including the secondary transducer
in the synthesis. The response is reasonably flat. It should be noticed
that the same bulk acoustic wave leakage is evident. Figure 7 shows a more
detailed view of the amplitude response and the fine periodicities of the
group delay response. They are clearly multiple reflections of both surface

12



and bulk waves which can be controlled, as mentioned before, by suitable
treatment of the surfaces. The large periodicity across the bandpaue was

a part of the synthesized pattern by virtue of a requirement placed on
the program. Thus only the relatively fine periodicities represent deviations
from the computed rceponse which io within + 1/10th of a dB except as will
bc shown in the nex,. figure. Figure 8 superimposes the experimental and
calculted responsse of the filter. The computed response is flat top except
for the periodicit. m,-entioned earlier and a slope which represents quarter
wave length period l, ty of the equivalent circuit. The measured response
is in good agreement Ath computed response below the centmr frequency. A
nonsymmetric attenu zvion along %ith the break in the phase characteristics
of the previous filter is due to metallic loading of the piezoelectric
surface.

The essential effect of the metallic loading can be analyzed by the
straight forward development of the propagation constant of electromechanical
energy along the periodic transmission structure for which an expression is
available, for example, as fromAMathai and Young page 385. Figure 9 shows

the maximum attenuation versus - .

Two curves are shown, one for attenuation in dB per finger-pair and one
for 25 finger-pairs. Since the attenuation is due to both primary and
secondary transducers, this is typical of the filters described in this paper.

If we sake the filter of Figure 3, as an example, Figure 10 then shows

that for a Z value of 0.11 percent, a reasonably good match with the
predicted at~euation is achieved. This figure indicates the size of the
attengation due to the periodic metallic structure. This particular comparison
(for 0.11i percent) appears to agree very well with the computed results.
This same figurc shows the modified phase characteristic due to the band
stops. The five degree per MHz break in phase characteristics is at least
Zeasonably close to the value of four degreco calculated for the abcve value of
-= • It then appears that the nonsymmetry of the single filter can be
explained in terms of periodic metalLic loading due to the finger-.pairs. It
is thus necessary that this periodic loading be introduced into the synthesis
process when filters are designed in order to achieve low clispersion surface
acoustic wave filters. Based on the results of this study, for instance, if
the affected phase break of four degrees is introduced into the synthesis
process the residual phase I degree break would correspond to the difference
between the actual five degrees shown measured in a. carler figure such that
the actual break would be 1 degree. Similarly if the attenuation characteristic
is suitably synthesized to within + 1/10th of a degree a filter reproducible to
a + 1/10th of a degree should be feasible. With these improvements the surface
wave acoustic filter should be amenable to synthesis in many applications
requiring a large number of filters with precise reproducibility at a low cost.

It should be noted that the attenuation due to the metalization periodicity
is insufficient to explain the difference between the computed and measured
bandpass characteristics of the flat top filter (Figure 6). Since the positve
slope of ths filter is directly attributable to the cross field model, we
must directly question the use of this model vs the in-line model for quartz.
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rhough the. cross field model has been shown preferable fur jithiu !4ob&te, k'
it has not been shown to be viable for quartz.

1. R. H. Tancrell, M. G. Holland, "Acoustic Surface Wave Filters",
Proc. IEEE, Vol. 59, No. 3, Pp. 393-409; March 1971.

2. W. Richard Smith, Henry M. Gerard, Jeffrey 11. Collins, Thomas M. Reeder,
H. J. Shaw, "Design of Surface Wave Delay Lines with Interdigita Trans-
ducers", IEEE Trans., Vol. MT-17, No. 11, Nov., 1969.

3. R. L. Thomas, C. R. Vale, T. M. Foster, "Design and Fabrication of Precise
and Repeatable Surface Wave Barker Code Correlators", IEEE Ultrasonics
Symposium, Dec. 8, 1971.
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MATCHED FILTERING WITH SURFACE ACOUSTIC WAVE DEVICES

G. Chao and T. R. Larson

Naval Research Laboratory, Washington, D. C. 20390

ABSTRACT

A review is made of the present state of surface
wave matched filters. Recent work at the Naval
Renearch Laboratory and other laboratories in phase
coded and frequency modulated devices is described,
and salient features of various matched filters are
presented.

SU KARY

Within the past few years. advances In surface
acoustic wave (SAW) technology have resulted in the
compact implementation of a variety of matched
filtering aevices ranging from bi- and poly-phase
coded tapped delay lines to linear and nonlinear
frequency modulated devices. The purpose of this
paper is to report on the state of the rapidly
developing surface wave technology, to present recent
work at the Naval Research Laboratory and several
other laboratories and to summarize the salient
features of the various surface wave matched filter
implementations.

Conventional photolithographic processes limit
transducer patterns to line widths of about one
micron. This corresponds to an operating frequency
of about 800 l4Uz on commonly used material such as
lithium niobate (LiNbO3 ) and quartz, With computer
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I
controlled scanning electron beams, line widths of a
tenth micron with line stabilities of 0.03 microns are
being achieved. Nevertheless, many matched filtering
devices are being fabricated with center frequencies
below 100 NHz because of various system considerations,
and consequently, the critical parameter is time delay,
or equivalently propagation length. Transducer
patterns of up to six inches long and longer, contain-
ing thousands of individual metallized lines have been
fabricated and time-bandwidth products into the
thousands are presently being achieved. Fig. 1 shows
a few representative delay lines developed at Hughes
Aircraft Company. These are circulating and re-
flecting 100 microsecond delay lines consisting of two
50 microsecond linearly dispersive transducers on
ST-cut quartz. The center frequencies range from 30
to 60HHz with compression ratios varying from 560:1
to 2000:1.

One of I-.c simplest methods of achieving matched
filtering with SAW devices is to phase code a tapped
delay line. Bi-phase M sequence code* have been

i emplenntued w-ith vesporises -very near zhe thaeIl.a .L ,
limits. However, bi-phase codes are inherently
restricted by relatively high time sidelobes, and
consequently, poly-phase and complimentary-pair codes
have been investigated. Although perfect cancellation
of sidelobes is theoretically possible in these cases,
practical values of about -25 dB are being achieved.

Although basically nondispersive, surface wave
delay lines may be made dispersive by proper trans-
ducer design. Linear and nonlinear FM matched
filtere have been proposed along with various weight-
ing procedures. Fig. 2,provided by North American
Rockwell, shows the dispersion of a representative
transducer pattern designed for 300Khz operation on
ST-cut quartz, but deposited on a faster substrate,
aluminum nitride on sapphire(AN/AL203 ). Although
not des-igned for AIN/AL203 , the transducer behaves
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very well and demonstrates one advantage of AAtN/At203 :
the extension of the bandwidth of SAW devices with
existing transducer technology.

The pulse expansion and compression properties of
the transducer pattern of Fig. 2 deposited on ST-cut
quartz are shown in Fig. 3, indicating very good
characteristics and near theoretical time side lobe
levels.

A conservative estimate of compression ratios
possible for various substrate materials is given in
Fig. 4 suggesting that compression ratios of 10,000:1
and more may be achieved in the very near future.

Within the past few years, matched filtering
with surface acoustic waves has yielded devices with
ever increasing compression ratios. Delay lines with
ratios in the thousands are being fabricated and new
materials and advances in transducer technology promise
even higher performance.
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IC PACKAGES AND HERMETICALLY SEALED -IN OONT'IUITS .

R. W. Thomas -:..

Rome Air Devalopment Center, Griff'us AFB, N.Y.

ABSTRACT

An extensive analysis of gas in integrated circuit packages
has revealed a lack of adequate control by the semiconductor in-
dustry. Contamination mechanisms, gas analysis procedures, fine
and gross leak test inadequacies, and specification recomandaions
will be discussed.
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IC PACKAGES AND HERMEICALLY SEALED-IN CONTAMINANTS

R. W. Thomas

RELEVANCY

An extensive analysis of gas in integrated circuit (IC) pack-
ages has revealed that there are wide variations in the ambient gas
from lot to lot, manufacturer to manufacturer, and with different
package designs. These uncontrolled gas ambients became relevant
when RADC found that a high percentage of field failures returned
for analysis contained large amounts of water vapor. Further, it
was found that water vapor behaved as a necessary, but not always
sufficient condition for failure, the most noted exception being
the distilled water electrochemical etching of nichrome resistors
in radiation hardened circuits.

The contamination of the chip ambient has become more prev-

alent with the proliferation of ceramic packages and solder seal-
ing glasses. The entire blame for hermetically sealing water and
other contaminants in the packages cannot fully be laid on the
semiconductor industry. MIL-M-38510 and MIL-STD-883 did not
specify the remaining chip ambient after sealing. Even more im-
portant, there was no data available which gave tolerance levels
for integrated circuito it, general or specific device types in
particular. Further investigation revealed tht auantitative
water analysis was very difficult and that few companies could
afford the equipment necessary for such an analysis.

After establishing through failure analysis that hermeti-
cally sealed-in contaminants w, re a real-world problem both in
state-of-the-art devices and thuse which have been in the field
for several years, a program was initiated to develop an accuratt
gas analysis facility. Such a facility now exists at RADC. The
development, design, system sensitivity, and the results of an
extensive IC gas analysis program are the subject matter oi this
presentation.

RADC CAS ANALYSIS SYSTEM

The system fabricated at RADC for package gas analysis has
been under continuous development for three years. The prescrt
version was fabricated entirely from stainless steel, with copper
sealed ultra-high vacuum flanges and welded stainleP6 ftceej bellows
valves. Ultra-high vacuum fabrication techniques suLh as x.t:hing
the internal machine screws for gas relief, polishing large nurface
areas, and minimizing internal volume were vitally Imp9N'Lhat in
achieving maximum performance. Materials such as glcss, t,:lon,
viton, and vacuum grease were removed frcm che system as fininaily
designed to obtain low outgassing rates. The preseNv systeA is
shown in figures I and 2.
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The ionization gaug. was removed frow tJe original system after
it was found to be the cause of secondary reactions and regurgita-
tion. The ion ga.,ge was replaced with a dig] trl capecitive manometer
which has a low outgassing rate and makes an excelleut ass-indepen-
dent ca Lbratiot, system.

To open the package, a hardanod steel ncidle either punctures
or splits the package dependiag on the package material or design.
Up to twenty packages may be mounted on an indexed rztating holder
and analyzed during one vac'um Dakeou cycle.

The system volume was designed so that the expanding gas from
a flat-pack resits in v system pressure of 1 x 10-5 tort, the
high prescure limit of the quadrupmle mass spectrometer. To accom-
modate larger packages, a ballast is valved into the system and
adjusted to obtain the proper pressure.

In making quantitative gas aualysis measurements, one is con-
fronted with an overwhlaing number of vass-selective and gas
history-sensitive mechanisms. For instance, all leak valves,
vacuum pumps, ionizing chambers and electron multipliers are mass-
selective devices. The nlectron multiplier and ion pump are
particalarly gas history-sensitive. To make the analysis even more
complicated, it was experimentally determined that once the package
was opened, each gas specie diffuses from the package at a different
rate. It quickly became evident that only a dedicated computer,
operating in rea.2 time, could analyze and correct for a n,-ber of
variables operating simultaneously.

SYSTEM PARAMETERS

The system scans the mass range from 1. to 100. atomic mass
units in me second. The absolute 4ccuracy is presently 1.2 of the
constituent measured. The sensitivity of the system is constituent
dependent and varies from 10. parts per bLllion for oxygen to 6
parts per million for water and hydrogen. All other gases fall
into this range. At the time of writing, this is considered to be
state-of-the-art. It is expected that, by improving vacuum tech-
niques and ,u,-sing --nrf roVhst'ica: statisicai analysis pro-
cedures, these system parameters will continually improve.

ROIC IC GAS ANALY31S PROGRAM

RADC is currently conducting e multilevel program to solve
the sealed-in contaminants problem. An ultra-clean package seal-
Ing system is currently under development. This system will seal

controlled quantities of contaminanta into IC packages to deter-
mine tclerance levels of sensitive ciccudts to water vapor and
other contamiuants. The sealer will also permit the packaging
of standard ambients for round-robin calibration and sensitivity
checks of other gas analysis systews.
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Lot saupllng of new devices and packages will be expanded.
This will allow various sealing syates to be fingerprinted by
mass spectrometry to detect possible changes or degradation in *;

seal !g integrity and purity.

Working in cooperation with the Physics of Failure Labora-
tory at RADC, a considerable amount of data has been gathered
on contamination-produced failure mechanisms. A brief synopsis
of this work is included in the following section. This work
will be expanded to include a study of the effect of various
stresses on the chip ambient.

The components foumd in some IC packages indicate that
some additional work should be done on the effectiveness of
present fine and gross leak tests.

RESULTS OF GAS ANALYSiS INVESTIGATION

A small but significant pcrcentage of the packages opened
contained residual amounts of helium and freon. This led to
further experimentation and the discovery that water, freon,
and neon could be inserted into the "hermetically" sealed ptck-
age by a one-way thermomechanical valve action at the lead
frame, if the package vas bombed at an elevated temperature
(1500C.).

Water was found in IC packages in amounts exceeding eight
timo the water contained in air at 50.A relative humidity and
25.0 C. The circuit failures in these packages were directly
related to the excess water,

The thermal stressing of ceramic IC packages will increase
the water and carbon dioxide content at lower temperatures
(150.OC.), aud change to methane and hydrogen at temperatures
of 350.oC. This observation can be directly related to im-
proper curing of the binder used in the sealing glass.

From the analysis of more than fifty samples from a
particular manufacturing line it was possible to observe
groupings in the gas composition, Changes in Liil ffngerprint
indicated changes in the sealing frit, purge gas, oven sealing
ambient, and procedural changes in the sealing operation.
Feasibility wes demonstrated in establishment of norms for
specific packages and sealing procedures, which could then be--
come the basis for lot acceptance specifications.

CONCLUS ION

The conclusion Is self-evident. There is a definite need
at the present time fer a hard look at the presently-used seal-
ing procedures, gar analysis techniques and specifications for
ensuring an inert chip ambient. RADC, throui;h its Air Force
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BLIP - BEAM LEADED INTERCONNECT PACKAGING

N.J. Grossman & K.K. Held
Northrop Corporation
Electronics Division
Navigation Department
2301 West 120th Street

Hawthorne, California 90250 (213) 757-5181

ABSTRACT

This paper describes a microcircuit packaging approach which
eliminates flying wire bonds. a major failure mode in microcircuits,
and utilizes beam leads formed independently from the active
devices. Both intra- and interconnections are made with beam leads
thereby eliminating all flying wire bends. BLIPTM is a multilayered

micropackaging concept that is keyed to a disciplined system of
component management, inter'connection requirements that include
integral beam leads, assembly processes and testing of the in-
process or completed functional circuit.

I. INTRODUCTION

1ybrid technology has been highly successful in achieving a dramatic
reduction in size and weight. The density and complexity of today's
hybrid circuits have led to new approaches in fabrication, such as
multilayer conductors and beam leaded or flip-chip integrated
circuits.

A major disadvantage of the present methods of microcircuit packaging
has been that of cumulative processing with an inability to
functionally test the circuit until after final assembly when the
majority of labor and material costs have been expended. BLIPTM

makes use of parallel processing with fv'!ctional testing c-ability
prior to commitment of costly material such as integrated circuits.

II. THE BLIP CONCEPT

The major features of BLIP are illustrated in Figure 1. The die
plate is composed of a photopolymer vmterial laminated to a base
plate which may be a standard substrate such as alumina or beryllia.
The substrate may be metalized and form one level of interconnection
and may also contain resistor elements. The photopolymer material
fo:ma cavities in which circuit components nest and, by means of
alignment marks, allows the precise attachment of circuit components
independently of the interconnect network which is the second BLIP
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component. The interconnect network is a multilayer conductor

pattern with integral beam leads for connection to the components
as well as to the outside world or second level interconnection. 9

III. DIE PLATE FEATURES

The substrate is first processed through standard vacuum deposition
and photoetch steps to obtain the desired conductor and resistor
patterns. The dry film photopolymer serves as a spacer and there-
fore its thickness (s determined by component heights and by the
interconnect network thickness. After the lamination step, the
photopolymer is exposed and developed to form device cavities to
allow attachment of active devices to the substrate. Keying or
alignment marks are also formed during this step around each cavity
so that the component may be precisely aligned when it is mounted.

The substrate size is limited only by the uniformity of metalization
desired during vacuum deposition and therefore a large number of die
plates may be formed on a single substrate. After lamination and
photoimaging, the die plate is ready for component attachment. This
may be performed before or after the substrate is broken into
individual die plates.

IV. THE INTERCONNECT LAMINATE

The interconnect laminate is made up of alternating layers of a
suitable dielectric such as epoxy glass and conductor paths which

seive Lu interconnect all components, Although the number of
conductor layers is not unlimited, three have been found adequate
for the most complex of hybrid designs, so far implemented.

The most important feature of the interconnect laminate is the
integral beam leads that are formed to make connections to the
active devices. These project over the component windows and are
formed to make cortact with a device bonding pad as illustrated
in Figure 2. The external connections are also beam leads so all
flying wire connections are eliminated.

Connections between layers are made by plated through holes or
viaes. The vias are first formed by photochemical etching then
electroless and electrolytic plating are used to form the electrical
connection.

V. THE ASSEMBLY PROCESS

The fabrication of the interconnect laminate and the baseplate are
both batch processes with each lot capable of producing hundreds
of parts. Furthermore, they are parallel processes, each operating
independently of the other. After they have been processed, tested,
and inspected, they are ready for the final assembly steps.
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The interconnect laminate and the baseplate, loaded with
components, are now bonded together. Individual circuits my be
bonded, if the substrate has been separated into single die plates,
or all circuits on a substrate my be bonded simultaneously.
Alignment is straightforward since beam leads and device bonding
pads are both visible.

After curing the bonding adhesive, the circuit is now ready for
ultraeonic bonding of the beam leads to the components. Beams are
presently bonded one at a time but the adaptation of a wcbble or
compliant bonder appears quite feasible.

Assembly errors are reduced with BLIPTM because subassembly (die

plate and interconnect) orientation can be easily checked. This
leads to a reduction of labor skill required and therefore a cost
reduction. It further minimizes troubleshooting because of the
ease of visual inspection.

VI. PACKAGING

A major improvement in packaging density is achieved by eliminating
the traditional hermetically sealed flat pack. This reduced surface
area and volume requirements and also eliminates fan out restrictions
imposed by the flat pack. The environmental protection required for
the unpackaged BLIPTM module is achieved by a vapor deposited

conformal coating of parylene whose barrier properties are superior
to the ilicones

Parylene is the generic name for members of a unique polymer series
developed by Union Carbide Corporation. The basic member of the
series is poly-para-xylylene but the two types of interest,
designated Parylene C and D, are chlorinated and dichlorinated
modifications, respectively.

The replacement of a hermetically sealed package with another form
of environmental protection must take into consideration all the
common components of a microcircuit such as semiconductors, capacitors,
and resistors. In the case of semiccnductors, silicon nitride offers
much potential for protecting thene sensitIve devices but ceramic
chip c3pacitors and nickel-chromium resistors ate also very
susceptible to humidity.

If parylene is to serve as a replacement for hermetically sealed
packages, the barrier properties of the material are of prime
importance. These properties are given in Table 1 and compared with
those of the more common organic coatings.
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.Table I .

Barrior Properties of Some
1R*presentative,.Qrgajic Coating.

N2() 2() C2() 12(1) 1120(2)

N2 "22 2 .

Pirylene C 0.6 5 14 110 1

Parylene D 4.5 32 13 240 0.25

Epoxies 4 5-10 8 110 1.8-2.4

Silicones - 50,000 300,000 45,000 4.4-7.9

Urethanes 80 200 3,000 - 2.4-8.7

(1) Gas permeability, cc-mil/100 in2 - 24 hrs; ASTM D1434-63T

2
(2) moisture Vapor Transmission, gm-mil/100 in - 24 hrs; ASTR E96-63T

The material is deposited frou the vapor phase in a "soft" vacuum,
with the wean free path of the parylene mlacule oi, the order ot 0.]
cm. The result is a truly conforml deposition rather than the line
of sight type coating one usually associates with vacuum deposition
techniques.

Because of these attractive characteristics, Northrop initiated a
program to study parylene coatings on BLIPTM microcircuits. A

deposition system was designed and built (see Figure 3) and a series
of preliminary tests conducted. The results of the preliminary tests,
discussed below, were encouraging enough to justify a large scale
military qualification type test program which is presently underway.
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VII. ENVIRONMENTAL TEST RESULTS

A. IONIC Contamination Test

A major concern of any semiconductor passivation costing is
that the costing does not introduce ionic contamination. For
this test a group of PNP (2N2907) unpassivated transistors
were parylene coated and submitted to a humidity test in accor-
dance with MEL-SIT-810B.

One hundred eighty of these parts were mounted in unlidded flat
packs. The leakage current (IcBo) was measured at an ambient

temperature of 1200 C prior to parylens coating, after the coating
was applied, and after the 10-day humidity test which exposed
the parts to 85 percent relative humidity and a temperature var-
iation of 250 to 71OC on a 24 hour cycle. Leakage currents re-
mained constant during and after the test, Indicating that paryloine
did not cause any ionic contamination but did protect the parts
from the humidity environment.

B. Humidity

In the presence of an electric field and moisture, thin film
nickel-chromium resistors are very susceptible to electrolysis.
To determine the effectiveness of parylene as a moisture barrier,
one hundred eighty seven nickel-chromium thin film resistors
were mounted in unlidded flatpscks and parylene coated. These
resistors, of vr-ious form factors and values, (see figure 4)
were powered at several different power densities to ensure
condensation on at least some of them. A control lot of 55
unprotected resistors were also tested and all resistors under-
went the MIL-STD-810B test described in Section A above.

* Resistor values were read and recorded before and after the pary-I lene deposition and after the humidity test. The parylene coated
resistors showed no change in value whereas 10 of the 55 uncoated
resistors had catastrophic failures or major resistance changes
(Z 20%) with some of the failures occuring in the first 24 hours
of the test. Because some of the resistors in each lot were un-
powered and some powered at densities as high as 150 watts/square
inch, failure of all resistors in the unprotected group were not
anticipated because condensation did not occur on all resistors.

C. Radiation Induced Ionization

Radiation induced ionization in the parylene costing could cause
functional failures in a microelectronic circuit. To determine
this, a 2N3960 transistor was employed, using the test matrix
below.

Reverse Bias No Reverse Bias
Parylene coated 6 units 6 units

No parylene coating 6 units 6 units
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ilakage currents and DC current gain at 100 microaeres and
1 milliaspere were recorded before and after radiation. Exposure

levels were 7 X 10 n/em and I X 106 rad/Si. Comparison of
before and after date showed no significant difference between
coat:d and uncoated devices with and without power applied.
This indicates that parylene does not trap a charge or have
other deleterious effects, due to radiation, on sensitive
semiconductor devices.

D. nuclear Testing

Results of recent underground tests on parylene coated'BLIPmT

circuits, when compared to uncoated circuits, demonstrate that
parylene improves the survivability of a circuit in a thermo-

mechanical shock environment.

VIII. FUTURE DEVELOPMEN IS IN BLIP

A large factor in manufacturing costs of highly complex hybrids
is the troubleshooting and rework caused by defective active
devices. The ability to test a circuit functionally prior to the
permanent attachment of any active devices would overcome this
problem and BLIP offers that potential. If the active devices
were attached with a long shelf life epoxy, the interconnect
laminate could be aligned over the die plate and electrical connect-
ion made by means of mechanical pressure. The entire circuit could
then be functionally tested befcre any bonds are made and before
the epoxy is cured. Chip replacement would then be a matter of
extracting the die from the uncured epoxy and replacing it with a
new die. Troubleshooting and rework could then be accomplished
early in the assembly process with a reduction in damage due to
rework.

If the circuit checks functionally good at the tine of the "pressure
test," it would be advantageous to bond the beams immediately.
The die plate and interconnect are already aligned and electrical
contact is being made at all the required points. If a form of
wobble or complaint bonding could be utilized at this point, the
assembly could be bonded with no additional handling or alignment.

IX. CONCLUS IONS

BLIP has been demonstrated to be a multilayer hybrid packaging
concept which essentially eliminates flying wire bonds. It
utilizes standard active devices rather than the new, face-down
devices which are presently more expensive and less available.

BLIP does not involve any radical new technology but rather the
evolution of proven processes that have been in widespread use
for a number of years. The elimination of flying wire bonds and
the use of beam lead bonds is a major reliability factor because
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BLIP dansity is presently equal to current thin film density I - i
and will surpass it with the application of improved desigi
rules covering such areas as line width and spacing, via site,
and via pads. The use of miltilayer contductors *tss desiln ad an
layout constraints and provides the required termination density
for the newer, more complex active devices. Its application I
to very large functional blocks with advantages in testing and
final packaging within the sae umanufacturing format 1# a next
, mportafit stage of Its usefulness.
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'A UNIVERSAL PACKAGING SYSTEM AS APPLIED ", -"

TO THE ALL APPLICATIONS DIGITAL COMPUTER .
- S

BY
Lothar Laermer

The Singer Company
Kearfott Division
Little Falls,. N.J.

ABSTRACT

A universal packaging system is described which will
serve the requirements of military and space electronics
during the latter part of the decade. Design features and
fabrication techniques associated with the All Applications
Digital Computer Building Block Module and its Zero Force
Cam Operated Connector are highlighted.

In addition, the design of the Higher Level Package,
which retains a multiplicity of modules, is covered.
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INTRODUCTION

A hardware design and development program for the
packaging of the All Applications Digital Computer (AADC)
has been in progress, under NASC sponsorship, at the
Kearfott Division of the Singer Company since June 1970.
A primary objective of this ffort has been the evolution
of a packaging system that has universal application.
Packaging techniques are being perfected concurrent with
the development of micro-electronic devices that are to
be used in military and space electronics during the
latter part of the decade.

The program calls for the design, development, and
prototype fabrication of:

A "Building Block Module" capable of retaining
a three-1nch diameter silicon wafer or hybrid sub-
strate

Higher Level Package containing a multiplicity of
Building Block Modules.

SYSTEM DESCRIPTION

The All Applications Digital Computer packaging system
has as its basic element the Building Block Module which
provides the hermetic enclosure, interconnect, mounting and
heat exchange mechanism for the electronic elements. The
mcdule is illustrated in Figure 1.

Electrical connections to the module are made via two
152-Pii Cam operated Connectors as shown in Figure 2.

A series of Building Block Modules which may constitute
a complete electronic system, will be retained in the Highe-
Level Package; this package provides the cooling air dis-
tribution and internal-external interconnect system.
Figure 3 is an exploded view of the major elements showing
the physical relationship of the Building Block Module,
Cam Operated Connector and interconnect system.

The following paragraphs will describe in greater de-
tail the characteristics of the major elements and the
engineering tradeoffs that were made in arriving at an
optimized system.
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The AADC Building Block Module illustrated in
Figure 1 is capable of retaining a three-inch diameter
silicon wafer or a three-inch diameter hybrid circuit sub-
strate. The module's unique, features are tabulated below.

" External Connections - 300

" Power Dissipatior - Up to 50 watts

" Maximum Power Density - 7.5 watts/square inch

" Environment - MIL-E-5400 Class 4X - 200 0C max

H Hermetic Seal

* Provisions for Guiding, Keying and Clamping

* Interface with Zero Insertion Force Connector

• Integral Heat Exchanger

. Vibration Resonant Frequency - above 2000 Hz

. High Speed Circuit Compatibility (10 nsec delay)

Size - 4 inches x 4 inches x 0.400 inches width
(20 watt module)

* Weight - 0.43 pound (20 watt module)

DESIGN TRADEOFF

The final configuration was arrived at after an exten-
sive design trade-off process which concerned itself with
four major areas:

. Module thermal and electrical characteristics

* Interface with the next higher level package

• Mounting, interconnection, and line routing to the
3-inch diameter wafer or hybrid substrate

. Module manufacturing processes and lid sealing

The trade-off process was concerned with configurations
that provided for efficient heat removal while optimizing
the interconnection and line routing requirements.

56



Conventional techniques -(Figure 4) that make use of
conductive cooling to heat exchangers at the card edge,
were dismissed as being inefficient.

By mounting the heat exchanger directly behind the
power dissipating elements (Figure 5), a morc efficient
thermal design with a considerably shorter conducting path
is possible. This latter design, however, is deficient
since it requires a 300-pin connector having high inser-
tion and removal forces.

The integral ceramic heat exchanger design illustrated
in Figure 1 retains the thcrmal advantages of direct
cooling while eliminating the connector problem. The de-
sign provides for:

Zero insertion force connectors

* Short line lengths

* Direct connections eliminating the need for inter-
mediate circuit boards

* Integral heat exchanger

Table I summarizes the characteristics of the various de-
sign approaches.

INTEGRAL HEAT EXCHANGER MODULE DESIGN

The integral ceramic heat exchanger unit consists of
a ceramic slab containing the line routing from the 152-
external connector pad terminations, along each of the two
edges, to the 3-inch diameter wafer. A molybdenum-titanium
metallized sealing ring facilitates hermetic sealing of a
ceramic or Kovar cover. Keying pins, which guarantee a
unique module location in the Higher Level Package are
brazed to the base slab. External connections are made via
a set of 152-Pin Cam Operated Connectors contacting the
pads on .050 centers. The heat exchanger, wh' ;an be
sized to be compatible with the power dissipation of the
module, is cemented to the base slab.

Table 2 summarizes the module's thermal characteristics
for various material combinations, flow rates, and heat
exchanger designs.
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DETAIL DESIGN AND FABRICATION

Having described the general configuration, thermal
characteristics, and material tradeoffs, bonding and
module sealing considerations will be highlighted.

Table 3 summarizes the various material and sealing
combinations that were considered. The dry-pressed
solid, ceramic slab employing a Kovar or alumina cover
proved to be optimum for the following reasons:

Minimum sealing surface is introduced

. Maximum heat transfer area is available

. Limited manufacturing complications are intro-
duced

COVER SEAL

Units employing Kovar and ceramic covers have been
designed and fabricated. Cross sections are illustrated
in Figure 6. A weldable Kovar cover is preferable since
heating can be confined to the rim area during sealing.
A unit which has been laser welded is illustrated in

WAFER CONNECTIONS AND ASSEMBLY

Interconnections to test slabs have been made using
ultrasonic bonding. Ball or thermal compreusion bonding
can be utilized also. Other techniques which employ
batch interconnection processes utilizing kapton-mounted
aluminum flat foil leads are in the developmental stage.

MODULE TEST

Six modules have been delivered to NAFI for evalua-
tion and environmental testing. Favorable thermal and
structural test results have been obtained. A detailed
test report is currently being prepared.

CONNECTOR

The Kearfott Division of the Singer Company has
developed and delivered to NAFI a 152-Pin Cam Operated Zero
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In3ertion Force Connector. The connector provides inter-
connection between the Building Block Module and the back-
board wiring system of the Higher Level Package.

The counector's unique features are;

* Zero insertion force

. Five to ten-ounce contact pressure

* Less than 0.002 ohm contact resistance

* Interlock mechanism that precludes operation if
the module is not properly seated, and precludes
module removal prior to contact release

* Cam loading during contact closure

The connector is illustrated in Figure 2 in the closed
position. A design trade-off study was conducted which con-
sidered tolerance effects, single cam designs and alternate
contact arrangements (see Figure 8). The final design which
preserves wiping action is illustrated in Figure 9 along
with the contact arrangement and interlock mechanism. Note
that the contacts are on .05 centers and the envelope dimen-
sions are 4.75 inches long x 0.60 inches high x 0.50 incha5

HIGHER LEVEL PACKAGE - DESIGN APPROACH

The Higher Level Package with its modular approach is
illustrated in Figure 3. A set of Cam Operated Connectors
service each module. A series of through bolts clamp the
stacked connectors between the front and rear panel to
form a rigid frame for the overall package. Spacers can
be used to accommodate various module widths while copan-
sating for tolerance accumulations.

GUIDING, KEYING AND INTERLOCK

Guiding of the Building Block Module into the Higher
Level Package is provided by guide slots in the connector
block. Keying pins and bushings preclude improper location.
There are 128 possible combinations available.

Mislocation or partial seating of the module prevents
operation of the connector cam. Similarly, the system
cover cannot be seated unless all cams are in the closed
position.

66



00

zz
z~ ui

0 01

o -Jc

I-67



,.4.~

* 6
c~ ~j

* ,
6= 6=

I.
6= 6=

* 0
* I

6= 6=
6=

* 0
6=

* I
6= 6=

* I
6=

* 6
6= 6=

* I
6= 6=

* ,
6= 6=

* 6
6= .=i

a 6
6= 6=
I~ =3 -J

p g
6= 6=

-~ 6=~ ~=3
6=6=

S.
6= 6=

6= 6=56 0* S
6= 6=

66 I,
ii 6= 6=

6 a
6=6= 2

e -- 6= 6= 8
I I

6= ~=3
-~ ' IL.

6= 6=1W
* S

6= 6=
6 6

6= 6= I
IS

6= 6=
6 66= 6= m* 66= 6= LU* i

1= 6=
6 .3

6=6=
* 6

6= 6= U.

ii

0
I-

6 68



COOLING AIR FLOW

Cooling air is circulated through the modules using
a parallel air distribution method, wherein each module
receives inlet air having the same temperature. Air
enters at the front panel of the Higher Level Package
(Figure 3), passes through the modules via the lower air
distribution plenum, and exits via the upper air plenum.
Molded gaskets prevent cooling air leakage at the module/
plenum interfaces.

The Higher Level Package design, in combination with
the Building Block Module, can be optimized to meet various
cooling air pressure drop and flow rate requirements.
Maximum permissible component operating temperatures, to
a large extent, determine the cooling air flow rate and
temperature. Pressure drop characteristics are determined
by the module heat exchanger area, fin design, cooling air
velocity, and the ratio of the Higher Level Package duct
area to the module heat exchanger cross section. A series
of design curves has been generated to show the inter-
relation of these parameters. Curves of this type are used
to optimize the duct size of the Higher Level Package and
to establish the type and optimum size of the heat ex-
changer to be used for the Building Block Module in a
particular application.

Figure IWO illuttes the component temperature rise
above the inlet air temperature as a function of cooling
air flow for a 20 watt module having BeO and A120 3 heat
exchangers with .065 inch and .130 inch high fins. Figure
11 indicates anticipated pressure drops for Higher LevelPackages for various distribution plenum sizes and module
fin heights.

INTERCONNECT

Connections from the connector block assembly to the
front connector panel can be made via a multilayer mother-
loard and flexprint as illustrated in Figure 3. A mother-
board is located in the back of each connector block.
Communication between the motherboards can be made at the
front panel or by a circuit board located between a series
of modules. If desired, the motherboard interface card
can have an orientation and contact arrangement analogous
to a Building Block Module and if desired can be permanently
installed. The motherboards can incorporate a micro-strip
design.
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TV RESOLUTION SOLID-STATE ARRAY CA ,UIA

by

D. L. Farnswrth,* C. T. Huggins, and E. L. Irwin*

"Westinghouse Defense and Electronic Systems Center
Advanced Technology Laboratories

P.O. Box 1521 - M.S. 3525
Baltimore, Maryland 21203

Instrumentation and Comiunications Division
Astrionics Laboratory

George C. Marshall Space Flight Center
Huntsville, Alabama 35801

Abstract

Using a 200,000 element silicon phototransistor
matrix, a recently developed solid-state array camera

-- 7 --- '+4 -Adco and .A"P- aTis
paper describes the design and implementation of the
system's hybrid bare chip circuitry, and its overall
operational characteristics.

Introduction

Over the past decade, wrking under NASA, Huntsville contract
NAS 8-5112, Westinghouse has pursued an evolutionary development pro-
gram directed toward production of an all solid-state image converter
having resolution capabilities equivalent to those provided by com-
mercial television. This effort has led most recently to the success-
ful fabrication of high density row-column organised sensor matrices
containing nearly a quarter million individual phototransistors, and
to the deployment of one of these arrays in the engineering model
camera system shown in Figure 1.

As configured this novel solid-state array camera is completely
self-contained needing only a source of 310 volt ac power, is totally
molecular in design using state-of-the-art silicon technology devices
throughout, and is output interface compatible with conventional TV
studio type display monitors. Functionally and physically it is

Preceding page blank
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divided into to distinct sections: the image converter mainframe, %hich

ia 10" x 10" x 2" and contains the 400 x 500 element photosensor array

and its LSV1I (large scale hybrid integration) barb chip ' g0 scas -
ning and control electronics: and the detachable supply/processor sub-
unit, which is 10" x 3" x 2" and contains the multiple-voltage power
converters and EIA format video processor.

SENSOR ARRAY

The photodetector employed in this system is a monolithic array
of 200,000 phototransistor elements organized in an x-y access matrix
of 400 rows and 500 columns. It is fabricated using standard planar
epitaxial and diffusion processing techniques on a specially prepared
high quality 2- inch diameter single crystal silicon wafer. A photo-
graph of a finished array is presented in Figure 2. Surface dimensions
of the mosaic consist of 2.0-by-2.5 mil center-to-center spacings of
emitters and collectors, respectively, for a total functional detector
area of one square inch. The effective area coverage aspect ratio of
the sensor matrix is 1:1 and leads to a 100% modulated bar chart limit-
ing resolution of 200 line pairs per picture height in the vertical
direction and 250 line pairs per picture height in the horizontal di-
rection.

Individual elnents in the array are pulse biased for operation in
the charge-storage (integration) mode by cross-coincident activation in
row/column access line pairs. The output signal charge available from
respoctive phototransistors follows the integration mode relationship

Qsignal (1 + q) CQi 0  + (TL/Ti)] (i -

total output, initial photon recombin- exponential
output transistor stored generated ation lose accumulation
charge gain charge factor factor factor

where -r is the integration period and T is the Junction leakage time
constant. Conversion of input irradianc4 on any element basis is in-
trinsically linear over greater than three decades, but the usable dy-
namic range of the aggregate array is typically limited to about two
decades by interelement non-uniformities.

CAMERA SYSTEM

To divorce the primary functions of image sensing and scan con-
version from the sub-functions of power conversion and signal format-
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tLig, the PICTUME 45* caera system is divided into two divt.'tct arits.
The supply/processor sub-unit module, lhicth iraerfaceo i.Alt -%.he i8S-,
converter through a 15 pin connector, serves as a. clectritl barfer to
the outside world for both raw input power and figaC output e4k&i3l deo.
Tie , wsta r Ita S UL, dh ch is designed to have a basically plfan arhi-
tecture, hosc. th6 readout electronics in the jig-ccw 7izzle irt]o-
lateJ layout of compattmentalived 11i1 snbstrates showi in Figu-e 3.
optical coupling to the centrally located photosensor monolith is pry-
vided by a 50r f/1.2 lens. hear surfaces of the mechanical frame are
made flat and projection free to factlitate mounting on a domicile wall
or vehicle bulkhead like a picture frame.

Electrical outputs from the camera mainframe are in the form of raw,
scan-coverted serial image video and separate blank and sync pulse3.
The signals may be used irdepeadcntly if desired, or they can be passed
along to the remotely progo'aaable sub-unit Mere the procersur combines
them 5nto a 1 volt peak &mplltude ElA format composite TV video signal
which is then output in both posiiive and negative polarity push-pu]
form. Scan synchroriiation for the sjstea is provided by an Apollo moon
camera ty-e digital sy-ic gtnerator vhile master ci Pcking ic selectabX'4
from either an internal 9.45 ,MHz cx7stal rontrolled source, which produces
the U. S. standard 525 line 60 interlaced fields-per-second TV scanning
format, or an externally variable sotrce, which perstits tAlorine the
system frame rate to meet paricular application requireuents.

Distinctive, eighth order tinue-shared signal acquisition followed
by high speed parallel-to-t%.ra, analog multiplexildn is employed in the
45 camera to allow sufficient per-element saapling dwell -Une while
successive data bits are processed from te detector mosaic, .xtensive
use is made of low powar TTh d;vicss in the timing circutry to assure
adequate sequencing speed capabilities with a moderation of power re-
quirements. Sectional compartmentallization of the system electronics
is established on the basis of functional independence and circuit mod-
ularity. Counter/decoder sequencing logic designs are employed in pre-
ference to shift register schemes due to their greater reliability and
the availability of IC logic chip functions.

Implementation of the sub-sectional electronics follows hybrid
bare chip fabrication principals. Individual substrates are formed
from electronic grade alumina having an 8 micro inch surface finish and
bimetal chrome.-gold conductors. Interconuections between adjacent sub-
strates, between the sensor mosaic and its peripheral interface circuitry,
and between IC logic chips and their substrate conductor runs are made by
thermo-compression ball-and-stitch bonded flying wire gold leads. Oppos-
ing side circuit design redundancy and layout mirroring are employed to
eliminate crossover lines and simplify substrate processing, construction,
and testing. Two circuitry sections are retained in discrete p.c. board

*PICTURE 45 is the abbreviated name applied to the engineering model
400 x 500 element solid-state array camera. It is derived as a con-
traction of Fhoton Image Converter w/relevision Univcrsal REsolution
using a 0O0-by- O0 element sensor mosaic.
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packaged form due to tye type of components they contain.

The non-enhanced conversion tranbfer range typically realized by
the catmra for irradiance in the range of 400 to 1000 nanometers (10%
spectral response poirts) Is seven shades of grey , with the minimum
usable irradiance level ' approximately 0. $W/cm at 30 Hz frame rates
being limited primarily ".j scan conversion uniformities. Signal in-
formation bandwidth, with internally controlled scanning, is 4.5 Miz
identical to that for commercial television and resulting in the same
qualitative resolution in line-pairs.

SUMMARY

With the level of resolution attainable by integrated half-
tone images now beig on a par with broadcast television, totally
solid-state imaging is seen to have come-of-age. While input powerand comp site weight of the present engineering model system are mod-
erately high -- on the order of 12 Watts and 5 pounds - both factors
are readily reducible to levels of about 1 Watt and 1 pound, or less,
in next generation molecular cameras by capitalizing on recent MOS tech-
nology improvements. Over the next decade refined versions of solid-
state array cameras are therefore expected to supplant conventional
high vacuum systems in many critical military, industrial, and aero-
space applications. Following consociate technology advances in the
human sciences, they should also see greatly expanded usage in the bio-
medical field; particularly in the area of ambulatory aids for the blind.

7
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AN APPLICATION OF HTGROEIECTRON1CS
TO THE REMOTE LENS OF THE SKYLAB

COLOR TELEVISION CAMNER

W. R. Harden, E. H. Johnson, L. D. White

Westinghouse Electric Corporation

Defense and Electronic Systems Center
Baltimore, Maryland 21203

ABSTRACT

A remotely controlled adjustable lens assembly for the Skylab
color television camera was developed using multichip hybrid packaging
techniques. Three thick film packages were used to contain over 150
discrete chip components which performed all of the circuit functions.
The entire lens assembly is mounted on the Skylab field sequential
color television camera.

INTRODUCTION

The remote lens of the Skylab color television camera is attached
to the camera when the camera is being pr-tpared for placement on an
extendible observation boom. The adjustable lens functions of the
camera, when extended over 20 feet from the exterior surface of the
Skylab station. will allow the astronauts to remotely observe outside
portions of tue space station. Coded control signals are sent up
the boom by a four conductor cable and all leus functions consisting
of adjustable focus, zoom, and iris are decoded by the circuitry in
the three multichip hybrid packages located in the lens assembly.
Reversible stepper motors, driven at the vertical sync rate in order
to ellainete picture inrrference, are used to drive the lens functions.
All of the circuitry has been placed into muitichip hybrid p.Ackages
since there is no space for discrete component wiring. The following
sections -f the paper will discuss the system derlgn of the remote
lens along with the Licroelectronic design of the circuitry.
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SYSTEM DESIGN

The Skylab remote control lens system consists of four parts as
shown in Figure 1, the encoder, the receiver, the decoder, and the
lens function motor drivers. The encoder which is located within the
Skylab space station converts a mecharical switch input (e.g. iris-
close) to a binary coded signal suitable for a high (28V) two level,
four wire transmission system. The receiver located on the remote lens
then converts the signal to T2L signal levels since standard T2L ICs
are used in the decoder. Decoding circuitry using the camera's vertical
sync as a clock, stores four bits of switch information, updating the
storage registers at the vertical sync rate of 60 Hz. The four bits
are then decoded and the commanded switch function executed in the
lens unit. (e.g. the iris closes)

The system requires 7 commands for motors (iris open, iris close,
focus in, focus out, zoom in, zoom out, neutral) and four commands for
Automatic Light Control (ALC). One of the design rules was that only
one motor command may be given at any ono time, and ALC information
can not be disturbed by the application of a motor command. There are
28 different commands that may be given by the switches with only four
signal lines and 16 possible states for the command'lines. Hence
a capability to remember commands is required. The system operates
in two modes (1) motor command, (2) ALC command. When a motor command
is given the last ALC information received is retained in memory.
This prevents the AIW from being changed whenever a lens motor is
being ontrted_. When AC .afcz a iun ir being transmitted the ALC
memory is continuously updated (at the vertical sync rate) and the
motors are inhibited from operation.

The coding follows directly from the description. One signal
line is used for mode definition; it indicates either an ALC command
or a motor command. Two lines are used as address lines indicating
which motor has been commanded or which ALC position has been
comrandt:d. The remaining line is used only as a direction indicator
for the motors.

The tranLsmission of the data is done at , hipl logic level in
order to improve the system noise margin. Line drivers in the encoder
are transistor switches presenting eithet a low impedance thru the
return line (0 ) Qr a 20K.U collector load (1 ) to the 28V supply
line. Direct coupled line receivers in the renote lens, filter the
input signal and compare the filtered signal to e reference that is
equivalent to approximately one bali of the 28V supply voltage. If
the signal is greater than the reference, a "one" is received; if it
is less a "zero" is received. The outputs of the line receiver
comparators are at T2 L levels and are compatible with the decode
circuitry. The line receiver for the vertical sync pulse is a
transformer-coupled comparator with hysteresis in order to maintain
isolated ground for the T.V. system. Vertical sync pulses are used
in the remote lens assembly to clock all Information into registers
and also to provide a 60 Hz clock to generate the 4 phses for the
motor drive.
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Switch position information bits are clocked into the decoder
with the vertical drive pulse. If an ALC command is received the
two address lines are clocked into holding registers and the motors
are inhibited. If a motor command is present the ALC information
rem.ins unchanged and the address lines are decoded to determine which
motor has been commanded. The direction bit controls an up-down
counttr wbose outputs are decoded to give the phase drive pulses for
the motors.

The lens motors are stepper motors requiring 2 alternating
current square waves 900 out of phase, either leading or lagging de-
pending on rotation direction. By using four drivers which can
source or sink current the proper drive currents can be applied from
a single positive supply.

MICROELECTRONIC DESIGN

Packaging requirements of the skylab color camera remote lens
system placed severe limitations upon the quantity of electronic
circuitry. Since the remote lens would be attached to the front
of the camera, all electronics would have to be within the lens
housing. All of the components in the breadboard design were dis-
crete and because of the quantity of parts it was obvious that a
discrete assembly would not be feasible. t. microelectronic hybrid
packaging technique . incorporptring a prsrinl=y designendmonolith c
cer amic package was used to relieve the packaging problem.

After finalization of the breadboard design, there followed a
functional breakdown of the circuits into probable packages. Further
refinement of this was for minimization of both inter and intra package
connections, elimination of circuit interactions and duplicities,
equalization of chip densities, and restriction of power dissipation
to within package limits. Each multichip package substrate was then
laid out according to existing techniques for manufacturability and
reliability. Three multichip hybrid packages wet the resultant
of this effort.

The circuit layouts incorporated an initial ground plane con-
struction for the elimination of ground loops and incorporation of
luw resistance ground paths. The ground plane was cut away from
critical loads to prohibit :apacitive coupling. One or more layers
of conductors were then deposited intersperced with dielectric
insulators. Bonding of chips, which included thick and thin film
resistors, capacitors, diodes, transistors, and various integrated
circuits, commenced and wirebonding of components terminated the
manufacturing process.
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After passing numerous functional circuit tests, the substrates
where soldered into a special! designed package featuring a monolithic
sandwich construction with a hermetically sealed lid, and subjected
to more testing, thermal cycling, and power aging. Figure 2 depicts
the layout of the receiver package which is composed of LMl11 com-
parators, thick film chip bias resistors and chip bypass capacitors
on a three layered thick film substrate. In this package the iris,
focus, and zoom switch control functions from the encoder are con-
verted into digital information.

These signals then reach the decoder package shown in Figure 3
where the information is converted into clocked pulses coded for the
different motor functions and for the ALC information. This

package consists of almost all digital integrated circuits on a
five layer thick film substrate.

The motor drive package is the third package. As seen in Figure
4. It is composed of thin film resistors, chip ceramic capacitors,
and chip transistors on a three layer thick film substrate. The
currents and voltages necessary for driving the three motors are
generated in this package.

Function isolation in each package is evident in that the low
level commands are transformed into digital information before
interfazing with another package. This information, once it leaves
the receiv'c is stored immediately upon entering the decoder. 'Then
the digital command and inhibit pulses are formad before leaving
the package. Lastly, the moter control circuitry wAth its noisy
switching and driviag circuitry is kept isolated from the decoded
signals.

Power dissipation is minimal in both the encodei: and decoder

packages, but the motor drive dissipates nearly a watt having close
to one hundred chips fo its Ilmplementation.

The remote lens assembly is illustrated in breadboard fonm In
Figure 5. All of the receiver dcoder and motor driver c1rcuitry as
illustraed fits into the lens assembly when packaged in micro-
electronic ionii. Figure 6 show. the final assembly of the multi-
chip hybrid package:s for the remote lens assembly. The two large
pac kages are I" X Z" and cotain all f the decoding citcuitry
anc motor drive circuitry. Also shown is a smaller 1" X I"
package which contains the line receiver comparators. These pack-
ages are tuieued on nmltilayer printed circuit boards and are con-
tained within the lens assembly housing. Extensive temperature

.evalu ation has been perforued on the HLPS and full circuit cperatiott

82



has been verified over -55°C to +125°C Figure 7_,,t. the,. coplete
Skylab Remote TV Camera &ssembly.
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SELF-SCANNED PHOTODIODE SENSOR
FOR

POSTAL BAR CODE READING

S. C. Requa, D. Sanner, R. Van Tyne

Recognition Equipment Incorporated
P. 0. Box 22307

Dallas, Texas 75222
AC (214) 259-5777

ABSTRACT (UNCLASSIFIED)

Experimental results are presented for the application of LSI self-
scrnned photodiode arrays iii luw-cost electro-optical sensing for
bar/half-bar recognition of bar code patterns for postal mail sorting.



1. 0 INTRODUCTION

An extraction code imprinted on the front surface of a letter-size
mail piece provides a means for lvwer cost machine sorting of mail
than optical character recognition and context analysis of the address.
For mail sorting applications, an inexpensive means of sensing and
recognition of pre-printed bar codes is essential. Examples of cases
where bar code patterns may be pre-printed are: return address

envelopes of major mailers, and line printer generated address blocks
that contain bar sorting codes. (See Figures I and 2. ) Scanned photo-
diode sensors offer a means for low-cost eluctro-optical sensing since

a single I,SI chip may contain 64 to 256 photodiodes and on-chip
scanning circuitry for serial sampling of the columnar photodiode
sensing elements. (See Figure 3.)

2.0 FUNCTION

Mail imprinted with a bar pattern is transported past the Code
Reader at 100 to 250 inches per second. Toe Code Reader is to
electro-optically sense and recognize tall and short bars with an
accuracy sufficient to yield an error rate less than 1 in 105. !i
general two bar code field regions contain bars of 0. 110 1. 010 and
0. 050 t. 010 inch height and of 32 bars-per-inch pitch. For the
cited n-ai] transport velocity and bar pitch, the recognition rate is
6, 000 bars per second.

3.0 SPECIFICATIONS

Size: Read Optics Unit (ROU) 9 inches by 10 inches by 12 inches
Signal Processor Unit (SPU) 21 inches by 19 inches by 17 in.

Transport Speed: 100-250 inches per second
Bar Code Characteritics:

Bits per inch 32 IZ
a" bar 1. 0. i0 .00 inch

Short bar height 0. 050 - 0. 010 inch
Bar width . 0i0 to .019 inch
Void area 25 percent maximun of bar

envelope
Minimum reflectivity 50 percent

of ink with respect

to background

Bit skew * 6 oegrees niaxiniui

Bit pattern skew - 2 degrees maximum
Viewing area of optics Field = . 5 inch

on mail piece
Depth of Field at Mail . 25 inch
piece
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M1xinLuni Read Error .Ratc: 1 per 100, 000
MTBF: (Objective) 2, 000 hours xiiinimum
MTTR: (Objeciive) 30 minutes :naxirnuni

4.0 TECHNICAL A11ROACH

Bar code reading systems completed under United States Postal
Service contract (RER 70-72) use digital recognition logic and differ pci-
zarily in optical sensors. A discrete assembly of bilicon photo-
transistors was employed in the first of the unit delivered to the USPS.
(See Figure 4. ) The second unit, completed in early 1972, useas a self-
scanned photodiode array in the read head (Figure 5). The LSI chip
comprises a row of N photodiode elements, P, corresponding N stage
shift register, with each stage connected to the gate of a MOS switch
that couples the adjacent photodiode to a commion recharge line. In
response to a TTI4 clock input, a bit is loaded into the first shift
register stage, and clocked through the register successively opening
and closing the MOS switches, thereby connecting each photodiode in
turn to the recharge line. As each photodiode is accessed, it is
brought to the recharge line potential and then left open-circuited until
sampled again. During the scan period the diode depcltion layer
capacitance is discharged by the instantaneous photocurrent integrated
ov er the line scan time. When sampled again the integrated charge is
replaced 0iough tlhe recharc" !ine. of :r qi

.. n i.jf liLtt tu l 01 inc si gnal
(Figure 2) is via an integratiig operational amuplifier to yield a signal
representative of en-elope or bar reflectance. Amplifier output is
sampled with an analog/digital converter of 4-bits to provide sixteen
gray level resolution of envelope reflectance. An automau.tic gain
control circuit (Figure 5) is employed to set the A/D converter white
reference at a level corrcsponding to the envelope "white" :n order to
compensate for envelopes of varying color or reflectance. An area
correlation unit is employed to provide dynamic tlhresholding, of the
gray-level-data to a binary quantized black/white dccision. In the
threshold unit local reflectance data is emiployed to set threshold level

based on local sanples ininiediately around a particular cell. For
recognition, a 5 by 16 matrix (Figure 5), is employed oi' which digital
feature combination logic operates to perform recognition of bar/half-
bar classes.

5.0 EXPERIMENTAL RESULTS - SCANNED ARRAY BAR READER

Figure 6a illustrates a line printer generated bar coded address
block, wich it may be noted, is of substantially lower quall.y tman a
pre-printed code (Figure 1). This code field, sanipled at 0. 012 inch
vertical intervals, 0. OOf in.-1 horizontal initervals, and thresliolded;
yields the video data shown by the lower trace of Figure 6b. Also
shown (Figore 6b, upper trace), are the output signals from bar code
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recogr ition unit. that &hott accurate recg-)nitiol (I .pt h u the pocr

quality, of ti,, bar code sa:nple. Of priim.ary contern, in deterrina tion

of the usefuleis of scanned array phtoaiode seieso:s, is obtaiving an
accurate rendition of envelope/data -field reflectance at high scan rates.
Our results to dat2: indicatc tlt dynamic range of a[ least 16.1 may
be obtaintd at sampting rates af 2 Megahtz, by usc of reset mode
integrating operation.' amplilier circuit to cancel oit clock transien!s
present in tl,, array output. Two factors limit the high2t sa! opling

rate: 1) array recharge TIC time interval of 00-20t) nanoseconds,
and 2) amplifier rcazct and settling interval of 0-120 nanos-conds, In
this application, the sampling of 40 cells in the timc interval (32-
microseconds) cor espondiiug to envelope displac mient. of 0, 008 ixch
at a 250 inch/second mail transt-ort velocity yields a per c:ll interval
oI 8¢L' nanoseconds, that is well witlin the sate limit factors, PrI1ary
rationale for employmeit of scanmed array technology in lieu of
discrete photolransistor arrays is cost savings by reduction from

forty to one ampliiier chanmels. This advantage is somnevwat offset
by the nccessitk for -: more sophisticated a' d costly amplifier for the
scanned array; hiowever, additional and significant advantages accrue
as follows: elinninatio, xf fiber-optic assemblies, reduced illm1ination
level requirement, and coract overali optical patl.

6. 0 -03. AJ, AT LICAYIONS

T-, X 1) J-ii i- i e ult d, s( rined in par agraph 5. 0 zrc for a -,-
photodiode scanned array of which only 40 eLenients were employted for
a 0. 5 inch field of view with 0. 1025 inch vertical sampling inLerval.

Bar code reader described herein, with a )lmited 0. 5 inch field of view
is termed "Fixed Position Bar Code Reader", where the location of
code field is known. For an extended coverage envelope width read
band of several inches, more elements are required, for example,

256 cells with 0. 010 inch vertical sampling interval for a 2. 56 inch
overall field of view. An extended capability unit "Variable Position
Bar Code Reader" with a 2. 56 inch envelope width field of vieu is cur-
rently under development by Recoer.:'icn 1-.quininI nr-por-ated for
the United States Postal Service. This unit is to be capable of dis-
tinguishing between code fields and alplinmeric address information
interference. For this application, a 256 photodiode array with a
10 Megahertz sampling rate is required. A custom LSI sensor chip
with four video channels, each operating at Z. 5 Megahertz, is to be

employed to attain the net sampling rate of 10 Megahert7. It may
also be noted, that consistent with dcvice and amplifier scanning rate
lfmnittions, swifticient re.,2ation i:z cblalned -ItYf 512 element

arrays for optical character recognition of address blocks on un-coded
mail.
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FOUNTAIN SQUARE

CINCINNATI, OHIO 45202

Figure 1 Envelope with Pre-Printed Mail Sorting Bar Code Fields
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ILLUMINATOR (NOr SHOWN)

LENS A FILTER
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Figure 2 Application of J1_I Self-Scanned Piitodi,'e A, Ia-y U

Electro-Optical Sensing of Bar Coded Letter Mail
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EFFECTS OF HIGH ENERGY PULSES ON HYBRID CIRCUI-T MATERIALE

J. F. Burgess, C. A. Neugebauer, R. A. Sigsbee

Abstract

The thermal and mechanical behavior of Au, 2u, Al and
Ni-Cr films and Al-30% Ge solder on BeO and Al 0 substrates
when exposed to a short high intensity energy ulse is
examined. A range of energies is considered.

Preceding page blank
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EFFECTS OF HIGH ENERGY PULSES ON HYBRID CIRCUIT MATERIALS

J F. Burgess, C. A. Neugebauer, R. A. Sigsbee

In high energy pulse enviroviments, hybrid circuits cmtain-
ing Au conductors are unsatisfactory because of absorption-
induced failures. In this case, the Au conductors fail due to
heating caused by the high absorption. To avoid this problem,
h 'brid systems which utilize Al conductors and Al-Ge chip-bonding
F'olders have been proposed. This study analyses the high energy
pulse behavior of materials likely to be considered for hybrid
circuit conductors, resistors and substrates.

in this study, the primary conductor materials considered
are Au, Al, Cu and NiCr in combination with Al 20 , BeO and
SiO 2 substrates. The temperature rises due to absorbed energy
were calculated using the appropriate absorptions, heat capac-
ities, and thermal conductivities. Results were interpreted in
terms of the attendant failure mechanism, such as melting, vapor-
ization, thermal expansion induced stresses, and irreversible
structural changes. The maximum transient temperature achieved
by the films or bonded chips on a ceramic substrate included
heat losses to the substrate. Principal attention was devoted
to the region where the differences in absorption are large.
The maximum transient temperatures are plotted in Fig. 1 for
various film materials of several thicknesses on BeO, Al 2 0, or
SiO substrates as a function of the incident fluence level in
cal cm2, assuming an initial temperature of 250 C. The induced
thermal stresses in the film which can lead to failure directly
or through tho excitatiun of acoustic vibrational modes in the
hybrid structure were then calculated for films thin relative
to the substrate and are plotted in Fig. 2.

The principal conclusions for various energy ranges in
order of decreasing energy are:

Range A

Here the absorption coefficients of all materials are the
same within a factor of 2 or 3. Failure may then occur when
the temperature rises to the meltin g point of the lowest melting
materia! present, such a- Lhe chip attachment solder.

Range B

Here the difference in absorption between various materials
is very great and low absorption are superior. The principal
conclusions in this energy region are:

I. Al, Be, Si, Ai 203, BoO and SiO all experience similar
temperature increases. Also the teniperiture rise in Al films
will not depend on the film thickness.
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A

2. The transient temperature rise for Cu films on A1203
or BeO substrates is less than 1/50 that of Au films.

3. The transient temperature rise for a Cu film depends

strongly on its thickness and the thermal conductivity of the
substrate, in addition to the pulse duration. The thinnest Cu
film on the highest conductivity substrate is optimum. Never-
theless, even 1000A of Cu on BeO experiences twice the tempera-
ture rise of Al films.

4. If a solder containing appreciable quantities of medium
absorption elements is used, a fluence level of 160 cal/cm 2 may
not be exceeded for practical solder thicknesses or melting will
occur.

5. If an Al conductor system, or a thin (<5000A) Cu system
is to be used to its full advantage, only Al or lower absorption
materials may be used in the die attachment. However, there are
no thickness limitations on these materials. Similarly, NiCr
resistors on the chip must be replaced with lower absorption
materials, or have a better heat sink than SiO 2 '

6. Stress induced failures may be caused by shear stresses
generated during heating making the interfacial bond strength
critical. Film thicknesses and temperature increases should
always be minimized to reduce interfacial shear stresses, even
if yielding occurs.

Range C

Here the energy absorption of A1 and Si is \1/30 that of
Au, compared to Cu and Ni-Cr which absorb N1/5 that of Au. The
transient temperature rises, relative to Al, for medium absorp-
tion materials are greater than for Range A but may be acceptable
for medium energy density environments.

Range D

The absorption by Al and Si is N1/10 that of Au and Cu is
%1/4 that of Au. The absorption by Be and Beo is significantly
lower than for Al or Al0 3 . BeO substrates are therefore better
heat sinks in this enemry range. This may be narticularly
important when the pulse is repetitive.
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NEUTRON RADIATION HARDENED GaAs JUNCTION FIELD-EFFECT TRANSISTORS

OPERATING IN THE HOT ELECTRON RANGE'

B. Zuleeg

McDonnell Douglas Astronautics Company
5301 Bolsa Ave., Huntington Beach, California 92647

ABSTRACT

Fast neutron induced degradation characteristics of short
channel GaAs junction field-effect transistors operating in
the hot electron range are presented. The neutron degradation
improvement factor is theoretically predicted and is experi-
mentally verified to correlate with the predictions. Degrada-
tion of GaAs J-FET transconductances up to a neutron fluence
of 1.2 x 10-6 n/cm2 (E>l0 keV) are reported.

1) INTRODUCTION

Shurt channel GaAs junction tie).d-efrect transistors operate in the

hot electron range. An extended unipolar transistor theory by Lehovec

and Zuleeg~l describes the voltage-current characteristics in explicit

mathematical relations and includes the effects of scattering limited
velocity saturation. An application of these theoretical results,

together with known carrier removal rates and degradation of N-type GaAs

material, predicts improved neutron degradation characteristics of GaAs

J-FET's. The theoretical analysis and preliminary data for the effeccs

of fast neutron irradiation on the electrical parameters of N-channel,

GaAs J-FET's operating under hot electron conditions was published by

McNichols and Zuleeg(2). This paper presents extensive measurements of

degradation characteristics of GaAs J-VET's which were exposed to a fast

* This work was sponsored in part by the Air Force Cambridge Research
Laboratory and the McDonnell Douglas Astronautics Company Independent
Research and Development Program.
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neutron fluence up to 1.2 x 1016 n/cm 2 (E>10 keV).

2) FXPERIMET

The GaAs J-FET's, Fig. 1, uGed in this stud, were fabricated on

N-type layers 1-2 um thick with carrier concentrations in the range of

l015 cM"3 to l01? cm- 3 epitsxially grown on chromium doped, semi-

insulating substrates. The gate, with a length of 5 um, is zinc diffused

across a mesa formed by etching through the epitaxial layer. Source,
drain and gate contacts are alloyed AuGe. The maximum frequency of

oscillations for the devices is about 6 GHz.

The data for the normalized transconductance degradation of the

J-FET's as a function of channel doping for a neutron fluence of

2 x 1015 n/cm2 are presented in Fig. 2 for all transistor lots tested

under the study program. Each lot was composed of a minimum of ten

devices. It is evident that the average value, and the standard devia-

tion range, of normalized transconductance degradation of device lotsi05I6 1 17 -
doped with x 015, 2 x 10 16, 5 x and i x are predicted

by the theory for z >> 1, where by definition (
I )

UV^

L (1)
m

and where It is the low field drift mobility, V is the device pinch-off
0

voltage, vm is the carrier drift saturation velocity and L is the gate

length of the device. From theory one obtains for Vo >> V b where

Vb Is the Junction built-in voltage, the relations

= (tN/uN o ) for t = 0 (2)

= (uN/oN) V 3 for z >> 1 (3)

When z >> 1 the devices operate in the hot electron range. For devices

operating In the Shockley mode, i.e. z = 0, the degradation would be

more severe and comply with theoretical predictions given as the dashed

line. The a ;reeent of the results with the theory for z >> 1

establishes the improvement factor which is inherent to GaAs field-

effect transistors operating in the hot electron range. AccordinA to

Eq. 3 the low field mobility degradation and the carrier concentration
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reduction enter in the hot electron range case with a power of 1/3,

wherean in the Shockley case the degradat 'on of m id proportional to the

product of uN (Eq. 2).

The smtll degradation of gm and almost jnnoticeable change of drain

saturation current, TDS' of two GaAs J-FET's with a channel doping of

1 x 1017 cm- 3 , exposed to a neutron fluence of I x 1015 n/cm 2 (E>10 keV),

is demonstrated in Fig. 3. Drain saturation current in the hot electron

range is determined by a velocity limited current component, Io, through

the relation(1)

IDS I (1-u ) (I
2

where I - qNv MaW and % 2 is a normalized drain voltage and related to Z.

Since um and v are assumed constant, the degradation of IDS is only

related to the change in N, which is less than 5% for this fluence. For

the Shockley case IDS is proportional to vp and larger changes would be

expected due to degradation of u. Fig. h presents the predicted degrada-

tion of normalized transconductance vs. neutron fluence for three

different channel doping concentrations of GaAs J-FET's operating in the

hot electron range according to Eq. 3. Fxperimental noints are shown

which present the average value of 18 GaAs J-FET'n fabricated on

material with a channel doping of approximately 1 x 1017 cm- 3 and exposed

to successively higher fluence levels. The uncircled data point at

* 8 x 1015 n/cm2 was obtained by annealing the devices at 2500 C for

10 minutes. As received, the devices e_xperie aced an abrupt degradation

to values of 0.5 to 0.6 in contrast to the theoretical predictions.

Since the annealing is of the stage I cheracteristic, as observed by

Aukerman et al,(3 ) the speculation is that this component of the dUzage
may be due to the appreciable gamma flux present durin neutron irratiin

tion at the higher fluences. Isochronal annealing studies on devices

exposed to a fluence of 1.2 x 1016 n/cm 2 are in progress to clarify the

degradation mechanism.

3) CONCLUSION

Operation of GaAs J-FET's in the hot electron range yields a neutron

degradation improvement factor, which was experimentally verified.
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Devices with a channel donor concentration of 1 x 1017 cm
- 3 or greater

zre capable of operating at a fluence level of 1 x 1016 n/cm
2 In a

variety of circuit applications with tolerable degradation and with

negligible degradation of electrical parameters at a fluence of

1 x 1015 n/cm2 .
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Abstract

POWER TRANSISTORS RESPONSE TO

HIGH PROMPT GAMMA DOSE RATE LEVELS

A. A. Witteles, M. L. Eisenberg, and S. lenig

The Singer Company, Kearfott Division
Little Falls, New Jersey, 074?4

(201) 256-4000

Experimental data is presented on the transient response

of power transistors to prompt dose rate levels of between 108 -

1012 rads(Si)/sec. For the higher dose rate levels where catastro-

phic failure was encountered. design circumvention techniques are

presented.
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POWER TRANSISrORS RESPONSE TO

HIGH PROMPT GAMMA DOSE RATE LEVELS

A.A. Witteles, M.L. Eisenberg, and S. Henig

The Singer Company, Kearfott Divisi n
Little Falls, New Jersey, 07424

(201) 256-4000

In most electronic systems exposed to a nuclear radiation burst,
the most susceptible part of the system to both transients and permanent
damage is the power supply section. This problem becomes even more
acute at high dose rate levels where primary photocurrents of as much
as hundrcds of amperes have been measured. In order to effectively solve
the problem of power supply survivability, a thorough understanding of
the response of power transistor to prompt gamla dose rates levels is
required. It is the purpose of this paper to present the results of
an effort designed to yield sufficient experimental data on power transistors
in a nuclear environment. These results attempt to both advance the
understanding of the behavior of power components at high levels and
present the power supply design engineer with helpful transient components
VaLa.

EXPERIMENTAL ROCEDURE

Three standard transistor types and one hardened (Solitron) transistor
type were exposed to a prompt gamma dose rate environment ranging from
I0 to lOrads (Si)/sec. Five units of each type aere irradiated. These
were:

(1) BR100B Solitron Devices Hardened Transistors (5 Amp)
(2) W1714-1405 - Westinghouse Power Transistor (5 Amp)
(3) 2N5805 - RCA Power Transistor (in A,,n

(4) 2N2219 - Motorola Transistor (0.8 Aip

The Solitron devices were chosen due to their wide availability in
a variety of case styles, and have a number of similar types available,
thus making them applicable in a number of hardened power supply appl ications.
The other devices were chosen due to their general usefulness in systems
which do not have a severe neutron environment.

The units were irradiated in three different facilities:

(1) Gulf Radiation Technology LINAC (108 - 1010 rads (Si)/sec).
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(2) Physics International's 1140 Pulserad (108 - 1011 rads/sec).
(3) Air Force Weapons Leu's PI-1590 Pulserad (loll - I012 rads/sec).
Transient primary photocurrents were measured by utilizing the test
circuits shown in Figure la and b.

Test circuit la was utilized at lower level LINAC testing where
electrical noise problems were not severe. At high dose rate levels
(Flash X-Rays) a novel technique was used to record Ipp through a charge
storage phenomena.

The data obtained is presented in graphical form. The plot which
appears in Figure 5 shows Ipp vs gamma dot level for each transistor.

A representative set of raw data is now presented. Figure 2 shows
the primary photocurrent of the 2N5305 power transistor as obtained from
the circuit of Figure la. The primary phototurrent for this device is
900 ma and could cause significant damage in a circuit if not compensated
properly. Figure 3 shows a primary photocurrent of 200 ma for the W1714-
1405 power transistor, Figure 4 illustrates the response of the BR1OOB
using the circuit of Figure lb. A current of approximately 120 amps was
obtained. This current caused catastrophic failure in the device through
burnout.

DISCUSSION OF RESULTS

The results obtained in this effort clearly indicate that most power
transistors including hardened devices cannot withstand a transient gamm.a
burst exceeding about 5xlOlO rads/see without a serious possibilit for
catastrophic folure. The graph iiiustrates a qualitative relationship
that can be used as a good rule of thumb to determine primary photocurrents.
The higher the fT of the transistor the lower the photocurrent at any
given radiation level. This is due to the fact that the fT is dependent
on the cullector-base capacitance, which is directly related to the
collector base area. This area, in turn, weighs heavily in the photocurrent
generation. Since conventior- 1 junction comp nsation techniques would be
completely ineffective at leveis exceeding 10T0 rads/sec, the power supply
designer is forced to seek design circumvention techniques. The method
of junction pho current cor,-insation becomes ineffective at hiigh dose
rates (above IONU rads/sec) uue to two factors: (1) A mismatch between
the primary junction photocurrent and the compensating junction photocurrent
u op< thus renduririg compensation totally ineffective, (2) At severe
dose rat-s and large junction areas burnout becomes very probable. hence,
other techniques must be sought wf *-h when combined with prudent design
solves the proolem at these higher jevels.

Collector circuitry should include a resistor, so that the collector-base
photocurrent is limited. The value of this resistor, should be the maximum
resistance that does not affect normal circuit operation. In power supply
circuits such as pulse width modulators, the high amount of inductance
already in the circuit maight be enodgh to prevent any damage. The maximum
cur,-ent change can be calculated from a knowledge of the circuit and the
width of ths radiation pulse (maximum change in the inductor, not the
transistor junction). If the current is too large, it can be reduced by
increasing the inductance of the inductors. If necessary additional
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inductors can be placed in the collector circuitry.

Care should also be taken when using capacitors, since they can
supply large amounts of current over short periods of time. The circuit
should be checked for large equivalent capacitances appearing across the
collector base. An exam-le of this appears in 17igure 6. Again, a base
resistor can be inserted.

CONCLUS ION

Using the above itechniques and data, the power supply engineer has
some useful tools to use when designingi power supplies to the higher
levels of prompt gaiiiti radiation.
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TRANSIENT IONIZATION TESTING OF PULSED MICROWAVE
TRANSCEIVER MODULES DESIGNED FOR PHASED-ARRAY

RADAR APPLICATIONS*

J. A. Ipman and R. S. Klein
Texas Inshmments Incorporated, Dallas, Texas

ABSTRACT

The importance of radiation-tard microwave T/R modules in phased radar systems necessitates
well-planned and well-executed radiation testing of such circuits.

This paper describes the test equipment and techniques required for transient ionization data
acquisition and the representative data that may be obtained from a typical module.

INTRODUCTION

The importance of the phascd-array transceiver module is -'nbodied in the comnination uf w-fluui
signal reception and high-power transmission capability in an independent operating entity. Array
versatitlity and long-term useful life are the designer's aim. Each is achievable by realizing a high MTBF
module and graceful degradation of the array associated with a large number of array elements. Reliable
integrated circuits (logic and microwave) provide a compact combination to achieve the system aims and
a,,4ociated nuclear hardness.

Irradiation of solid-state circuits by an ionizing source results in the generation of transient anomalous
currents. Most prominent are photocurrents caused by carrier generation within the depletion volume of a
reverse-biased PN junction. Transistor action may produce a pulse of current many times the primary
photocurrent generated in the collector base junction.

Additionally, high-ionization dose rates result in electron displacement currents in mairiaib atd
between adjacent conductors, possibly causing device failure due to burnout.

MODULE DESCRIPTION

The L-band transceiver, shown in block-diagram form in Figure 1, is realized in three sections:
receiver, transmitter, and common circuitry. The receiver is composed of a three-stage, class A amplifier
characterized by 34 dB of gain, a 3.5-dB noise figure, and a limiiter providing incident power protection for
levels up to 40 watts. The transmitter, a series connection of class A and class C power stages, is designed to
achieve 40 to 60 watts output power at long-term dity cycles exceeding 30 percent.

This work supported by the U.S. Army ECOM under Contract DAAB07-71-C-0202.
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Coninion to both transmuit arid reccive functions arc thc four-bit line-Icngth phase shifter, logic,
channel T/R switch, aid circulator. liese circuits are centrally located to optilnizc both modes of
operat ion.

Thiii-im substrates, bcarn-Iead coinponcrits, chip I's, and discretc microwave transistors are
integrated to fabricateceach modtule. Two exceptions are tre Kapton d-c interconnect arid the antenna port
circulator. Finally, thre electrical functions are enclosed in a hecrmectically scaled nickel-platcd aluminum
housing.

IONIZATION TEST DESCRIPTION

A block diagramn of tire test box used for transient ionlization tests is shown in Figure 2. A 90-volt
battery is used to bias two PIN diodes which arc a-c coupled across a 50 &2 load into an oscilloscope. The
outputs of thce dbodes, placed it critical points on the module, arc used to nmonitor ionization dose rate and
the Shape of the ionizing puilse. Tranisient mionitoring of all bias supplies% is accomnplishied through the use of
current trarisforniers anid capacitor noise suppression, as described in the TREE hiandbook.

Figure 3 shows tire niefliod used to profile tire radiation dose rite received by the module.
Strategically p)laccd TLI) discs are employed to detemriine dose-rate uniformity and the intensity of the
radiation pulse as seen by various module circuits, e.g., receiver, powver final, and logic. Experimiental results
showed that the dose rate at dosimeter Al was 2!7.2 times tfiat at either B] or 112; hence, tire latter were
used for radiation mionitoring during the actual test-, so that the dose rate received by the module is riot
altered by thie presence of a dosiniieter between it anid the X-ray beam. Peak dose rate is taken as this 7.2
mnultiplication factor ties time average dose rate received by TLI)s BI arid 112.

The logic switching circuit serves as a parallel-to)-serial conventer, siulating the modiute loj~-
requiremnits of two 4-bii paralici-puase words, a 4-bit clock, and transfer pulse.

All biases, transinit-rcceive switching, arid phase-shifting logic connections arc niade with a shielded,
multiconductor cable between tire test box arid the module. In addition, thre test box is shielded against
EMP arid RFI to minimnize noise pickup on the bias lines and PIN monitor cables. Connections fronm tire
box to bias supplies arid tscilloscopes are niade with appi opuialely loaded 5012 cables to prevent
nitisrinatclm-induced transienits.

Figure 4 shows the techniqure used for r-f pu~ing the iaoduile during testing in the transmnit mode. Tire
r-f source is voltage tunable ;;nd set for operation at rniidband frequency. Bias for thre r f source is supplied
bly a re.notely triggered plse generator with thre trigger signal derived front the control panecl of' the
ionization Source. Bias pulse width arid alnplitude art! chosen to produce the required niodule kut put puwefr

impulsc l1en-gilt. Delay may be introduced between the trigger arid output of the ptulse generator SO that
thet ionlization pulse canl occiur at air arbitrary point during the transoiit pulse. Use of tie circulator anid
3-dil pad reduces mismatch at the input of the Module.

Ionuzationi pulses for tlie:;c tests were obtained front tire 2-MeV Flashi X-ray (Febetron 705) at Kirtiand
Air Force Base. Becatise of tire shiort penetration depth of electrons in ahrtttinun antd other module
miaterials, a Flrect of tantalumn was uised as a Brermsstrahlung converter arid tests were run under X-ray
irradiation. IfIre generated iomiation pulses have an effecrive putlsCwidth of 25 to 30 ris(lmalf-power poitits)
and the deiay between thne control panel trigger pulse anid onset of the X-ray beami is conttinruously variable
up to 100 is.
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TYPICAL RESULTS

Figures 5 through 8 show typical transients observed on tile bias lincs when a module is subjected to
an ionization dose rate of greatcr than 1011 rads (Si)/s. The r-f pulse produced duriig transmit has a width
of 500 ps. The S-volt line (Channel A) biases thc module's logic circuitry, the -. 15 volt line (Channel B)
pnwcrs the receiver and power preamplifier, and the 28-volt line (Channel C) is used as the powe amplifier
final bias supply.

Figures 5 and 6 show the response of thc module to an ionizing pulse while ii ide transqit mode. A
delay of 12 pns was introduced between the beginning of the scope traces (as triggered by the Flash X-ray
control panel) and the onset of the radiation pulse. Tile same delay is used for radiation pulsing while the
module is in a receive mode; its response under these conditions is indicated in the photogiapphs of Figures 7
and 8. Saturation effects of tie current transformer monitoring Channel C result in the wavefonn exhibited
by the bottom trace of Figure 5.

Figure 9 shows te outputs of the PIN diodes during a typical ionization pulse. Effective pulse width
is taken as 25 ns and previous calibration of the diodes show an. output of a!6.5 X l0-l0 V/-ads(Si)/s
(across 50 12) at the ionization dose rates to which tile modules were subjected.

Table I indicates the circuitry of the module biased by Channels A through C and the qcniescent
currenm level of rach channel. The 1.3 two columns show the amplitudes and recovery times of the
transients shown in Figures 5 through 8.

A sufficient and intelligent choice of network parameters must he evaluated to detect any pennanent
effects due to irradiation. NF, gain, phase shift and linearity, and logic switching effectively summarize
receiver operation. Power output, efficiency, pulse droop, and phase settling are recorded as basik
transmitter parameters. Table 2 typifies parametric effects on tihe TIR nodules due to ionizing radiation.

CONCLUSIONS

Con.current ionization testing and electrical evaluation of the modales revealed several criti, d points.
The unavailability of proper r-f equipment for module evaluation at the radiation site makes necessary tie
us( of iindirect factors for determining survivability to an ionizing pulse. Both quiescent bias current levels
and the presence of a power pulse on the transmitter bias line can be recorded to indicate parameter
degradation or catastrnphic failure of tile transmit ter section.

Proper test dcsiL and shielding are required to rcduci, EMP arid noise generation because they may
be sufficiently high to cause crnnponent failure due to overvoltage stress Noise voltages as high as 60 volts
have been observed on module bias lines during improperly designed ionization tests. An example of this is
shown in Figure 10, a photograph of open-circuit noise levels on tile -15 volt and 5-volt lines taken during
an X-ray pulse with the employment of inadequate shielding around the module and bias lines.

"Ihe stability of any r-f equipment used to test the miodurle before and after ionization pulsing is a
critical parameter. Long-temi stability is a necessity to prevent misread parameter changes as being
attributable to ionizution-induccd degradation.

Indications of susceptibility to transient ioni7ation pulses are expressed in r-f parameter degradation
or catastrophic failure. Results ba~ed on failure analysis indicate that high-level, ionization-induced currents
temporarily overstress circuitry (e.g., power stages operated near naximrun limits) that is nomially under
electrical stress, but my not generate biuimediannly detectable failures. Proper current limitation and circuit
design will help alleviate this condition.
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Figure 9. Moniitoring of Ionization Pulse by PIN D~iodes
10 V/Div. Vertical, 100 nslDiv. llorizont.3

Figure 10. loiiizatioii-Induted Tranisients on Open-Ci~cuit Bias Lines
Top: Ciianuel A, 20 V/IDiv.
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MINIMUM DELAY/HARDWARE ECL OR/NOR 4-VARIABLE
FUNCTION SYNTHESIS CATALOGt

James R. Gaskill, Jr. and Lawrence R. Weill
Radar Division, Aerospace Group

Hughes Aircraft Company
Culver City, California 90230

ABSTRACT

A minimum delay, minimun hardware ECL OR/NOR Gate
Synthesis Catalog has been generated for implementation of every four
variable logic function together with its complement. The computer
program used to generate the catalog is discussed. Use of the catalog
in the synthesis of an arbitrary logic function is illustrated.

1. 0 INTRODUCTION

As a prelude to ongoing integrateri lnnic circuit devclopnent wuik,
a fairly comprehensive study was undertaken to determine the capabili-
ties of existing ECL for high performance digital communication and
signal processing applications. As a part of our preliminary work, a
special computer program was written and used to find the minimun
delay, then rrlninlum ha rvn.,.a ,n 1 t A ..... gate r-,v" ..-- - - -- --- .. ..-... . . ..:,,E l tJ ,INL~u gate networks
for generation of each 4 variable logic function together with its coni-
plexnent. The computer program and the derived catalog are discussed

in this paper. Statistics on delay and hardware costs are presented;
use of the catalog in finding the minimal synthesis of an arbitrary
4-variable logic function is illustrated.

Attention is restricted in tho catalog to interconncctions of
4-input OR/NOR (Current Switch Emitter Follower) gates which have
an (Emitter) output OR-wired logic-capability; wired logic fan-in of at
most 4 is assumed though this does not meaningfully restrict derivedsyntheses. Results derived will not be immediately applicable to

emerging medium performance ECL MSI/LSI in which both collector
and emitter wired-logic can be used. Currently very high perfornance
(e.g.e, wirps Tpd) ECL is being produced only as single gate SSI chiF ,
however, and results derived can be used directly for these circuits.

*The work reported was sponsored by the Air Force Avionics Laboratory
in the context of work on the Maximum Speed Multiplier Organization
Program (Contract No. FY175-71-00865-TE). These efforts have
been guided by Lutz J. Nicheel, Air Force Project Engineer under the
direction of Robert D. Larson, Chief AFAL/TEA Branch.
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Although there are 21 distinct four input logic functions, these
are subdivided among only 222 different (hardware) equivalence classes.
Functions within each equivalence class differ only in the way that input
arid output connections are made to/from a fixed interconnected gale
network. All functions within a given class arc implemented with one
circuit by interchanging (permuting) input connections and/or connecting
complemented input variables (instead of uncomplenmented variables)
and/or using the complemented (instead of uncompleniented) circuit
output. For ECL synthesis, complement input variables are produced
simultaneously by the driving ECL gates; similarly, each 4-variable
logic circuit produces the complemnted and unclomnplemented functions.
In view of th above, this study was restricted to finding the mi niral
synthesis for the one required circuit for each of the 22Z equivalence
classes. Consideration was further restricted to networks in which
both the function and its complement were generated simultaneously. *

2. 0 COMPUTER PROGRAM REQUIREMENTS

Four-input ECL Current Switch Emitter Follower OR/NOR pates
with an output wired-logic OR capability (with wired-OR fan-in of 4 or
fewer) were used as the gate building blocks. Since available ECL can
support fan-out loads of usually greater than 10, no limit was placed
on the number of inputs to each four-variable circuit. Driving circuits
were assumed to supply either the input variable xi or its complement
-i or both. The program was designed to find the mininmum circuit

that produce, (at the same time) both the function and its conplement.

The minimization criteria used arc listed beluw in order of
decreasing importance; i. e. , each criterion was satisfied subject to
the constraint that all previous criteria were satisfied first:

1. Mi ninkiun nuinber of levels of gating

2. MiriiniUni number of total gates

3. Mini.mum number of first level gates (gates all of whose con-
nected inputs are connected directly to the input variables)

4. Mininum number of leads to which input variables are

connected (Corresponding to mininmum nunber of lit erals
Lit Duoiean expression for f)

5a. Minimum number of wired logic nodes.

5b. Maximnum number of wired logic nodes.

Criteria Z and 3 are equivalent, as is shown shortly.

:A somewhat similar study was m-ost recent ly reported by Muroga, 2

et al. , but was restricted to the niuch snmder set of (ZZ) equivalence
classes of three variable functions. In this work, delay was NO'I
considered, and attention was focused on gate count and numbers of
input connections only.
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3. 0 PROGRAM DESCRIPTION

The program used binges onl several simplifying logic circuit
properties which follow w;hen ECL w-.ith wired-logic is useA. (Exhaus-
tive search techniques such as those used by tellernan 3 were not
required. ) These properties may be stated concisely as two theorems
and a definition;* the second theorem outlines the steps performed by
the program.

Theo rein I

Any minimal "NOR'' synthesis of a 4-variable logic function
requires at most two levels of gating. If two levels of gating are
needed for a particular function, then only one second level (output)
gate is used. Each first level gate has at least two input variables.
Purthermore, the "OR" (uncomplemented) output of each first level
gate is never used a- an input to the second level gate.

From these results, it follows that a minimal synthesis can be
derived straightforwardly from the minimal sum of products looleani
expression for a representative logic function for each equivalence
class. The minimal 3oolean expression is defined as follows.

Definition iMinimal Boolean Expression). A sum of products
(e.g., X0 KI Xzx 0 x17 3 + x 3 ) is mininvum if it satisfies the following

criteria in order of decreasing importance (i. e. , if each criterion is
satisfied subject to the constraint that all above are satisfied first).

1. The number of operation types (e. g. , AND, OR, etc. ) in the
expressioni is minimum (there can be at most two).

2. The number of terins is minimum.

3. The number of literals is minimum.

The algorithn used by the computor synthesis (in ternls of this
definition) is given in the second theorem.

Theorem 2

The following procedure will yield a minimal synthesis for a logic
function f:

First obtain mnininial expressions for f and for F and select
the snaller. (if both are equal, select either one. ) Let g
equal the function corresponding to the selected iiiimnal
expression (i. e. , g with be either f or f).

Proofs will be offered in the conference presentation. While straight-
forvard, they involve treatment of several special cases.
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Case 0. If the selected expression has no literals, g is
degenerate. In this case both g and g, hence f and 7, arc simulta-
neoCsly synthesizable with no gates. (This case applies to only one
equivalence class. )

Case 1. If the selected expression has exactly one literal, then
g, and hence f, is of the form x. (i = 0, 1, Z, 3; 6 = *1; 6 = 41 for
x i and 6 = -I for 3i ) .  1

In this case f and T arc simultaneously syntliesizable with no
gates. (This case also applies to one equivalence class.)

Case 2. If the selected expression has one term and that term is
the product of more than one literal, then the minimal simultaneous
synthesis of f and F uses one "NOR" cate. The inputs to the gate are
the complements of the factors in the single term of the selected
expression, and g. g appear at the "NOR" and "Ot'' outputs of the gate,
respectively. Hence f appears at one of these outputs and fTat the
other, depending upon whether f = g or f = g. (This case applies to
three classes.)

Case 3. (All other ouivalence classes). If the selected
expression has iore than one term, the miniinal simultaneous synthe-
sis of f and f will have two levels. Each tern with more than one
literal will correspond to a first level gate, and the inpats to that gate
are the complements of ihe factors in the term. Thus the nUmber of
first level gates is equal to the number of terms in the selected
expression that have more than one literal. The inputs to the secondlevel i.ate will b:e t.he ,,NrOR" ,... I. I L

leve.gat. i ''.O.' outpuof tht firs i level gatos (using
wired 'O1R"ing of these outputs, as necessary) and the variables that
appear as terms of the selected expression having a single literal.
If f = g, then f and Tappear at the 'OR" and "NOR'' outputs of the
second level gates, respectively; otherwise the outputs are reversed.

4.0 ECL SYNTHESIS CATALOG

The computer program embodying the above algorithm was used
to generate a 222 page catalog. Typical pages are shown in Figures 1,
2, and 3. Each is headed by its class number and class identifier
(discussed in Section 5). Also included are a Karnaugh Map of the
function syntho. ized, a hardwrarc data iuiuimary, and thre gate circuit
cor'figu ration. *

Some of the more useful statistics governing minimal ECL syn-
thesis of 4-variable logic functions are shown in Figure 4. It was
found that simultaneous synthesis of each output and its complement
for 4-variable functions require an average delay of about 1.97 stages
and that an average network requires about 4. 85 gates. Statistics
related to the loading of the ECL circuits driving the four variable net-
works are presented in Figures 5 through 7.

'lie complete catalog will be available in the near future as a Hughes
special report,
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Figure 5 shows the distributions for the maximun and ininimuzn
input loading by displaying the largest and simallest numbers of gates
in a network synthesizing a 4-variable function which are driven by any
one network input signal. Figure 6 shows a distribution for the number
of input variables (from the eight possible)* used in the 4-variable
function syntheses and Figure 7 presents the equivalence class distri-
bution versus the number of inputs to all gates in tile 4-variable net-
works that are driven from the network inputs. One useful interpreta-
tion of these data is as follows. The mean froin Figure 6 indicates
that on the average, 6. 97 of the eight possible inputs are used to
synthesize 4-variable functions and their conplcments. Then dividing
the number of used internal gate inputs by this average permits inter-
pretation of Figure 7 (lower abscissa scale) as a distribution of the
equivalence classes versus the number of internal gate3 driven by each
exterior input. In this case, the mean value in Figure 7 indicates that
for the "average network" each of its 6. 97 inputs is used to drive
11.6/6.97 = 1.66 gates insidc the network. On the other hand as
indicated in Figure 5, there are eight function Llasses in which at
least one input signal must drive four gate inputs (from the "maxinum
curve"), and there are 108 function classes in which one of the input
signals isn't used at all (see "mininiun curve").

FiguLre 8 shows the statistics related to the utilization of wired
logic within the four variable function networks. The "miaximun
curve" displays the number of equivalence classes versus the largest
possible wired lo- "c fan-in, and the "minimum curve" presents the
miinimum number of gate outputs wired together. For exanvle, there
are 52 of the 222 classes in which two gate outputo must be wiid
together to permit the two stage realization of both the functions and
their conplements.

5.0 SYNTHESIS OF AN ARBITRARY 4-VARIABLE
LOGIC FUNCTION USING THE CATALOG

The catalog, which now exists, is used primarily to find the
minirium delay/hardware ECL OR/NOR synthesis of any given
4-variable function. Before the catalog can be used, the equivalence
class** of the given function first nust be identified through :iassifl-
cation, During the search for the function's equivalence class, one
also generates all necessary permutations and comiplccntatiis of tie
input variables and/or the output. When these pernmutations and/or
complemeentations are applied to the inputs and/or the outputs of the

These are x 0 , X1 , x' x 3 Y ROY " 1 -X1 , ' 3"

Function classification is discussed by ttarrison4 who catalogs fuoc-
tion syntheses for relay circuit nechanization and for D'L gate
necbanizations. Unfortunately, his classification system, in oiii
opinion, is unduly complicated and much less easy to describe-, tha:n
one given earlier by Golomb 5 . The classification proceduie ,.uliiucd
in this paper is based on Golomb's work. The classification nun.-
bers given in the catalog, however, conform with Harritmon;, zy:-:te.n.
The conversion after completion of classification is accol!4r:)i c'1d

easily, as will be shown shortly.
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canonical gate nelwork (siown ol the catalog page listing the equivalence
class), then that network realizes the miniznum delay/hardware syntlic-
sis of that function and its complement.

Given an arbitrary 4-variable logic function, a procedure for
finding its minimal synthczis via catalog look-tip is as follows.

1. Compute the Walsh Trai sforni of the (trutih-table-like)
function corresponding to tIe given fu, nc'ion.

2. Manipulate the Walsh Transform (an array of 16 coefficilents)
to maximize its lexicographic order. The three kind; of
rearrangements used correspond exactly to permuling input
variables, complenenting input variables, and conplement-
ing the output function.

3. Convert this sequence of coefficients to an equivalent
Ilarrison sequence that will be a class identifier for one of
Ilie tabulated (cataloged) functions.

4. Construct the minitiial function by connecting thic :atalog
listed network but with variables permuted, and/or con-
plemented, and/or with the output complemented precisely
as was necessary to convert the Walsh Transform Array
(in Step 2)

h'TiheC steps are acconiplished at Hughes by a simple computer
program. For purposes of illustration, they are carried out in detail
for the function depicted on tile Karnaugh Map in Figure 9a.

Step 1

The function showi is converted to an eqnivalent truth-table like
function shown in Figure 10 as follows. The Int.rval from 0 to I is
subdivided foring 16 sub-intervals. The first crresponds to the
input state 0000, the second to 0001, etc., with tile interval lnlUilber in
.general following a standard binary sequence on the variables x 3 x,xlx 0 .
The value of the converted function, ^ on each sub-inte rva1 is 9iven

by 1-2g ti.v. , ifg =0, 1 land if g =1, ~-)

The Walsh Transform of the given function then is easily computed
in terns of the converted ftlction . This transforni is a coefficient
array (exactly analogous to FouLrier Series) listed as

g g3'gz'l'g0' -32'"31' g30'21' g20'910'g321'g 3 2 0'g310g 20'g320"

Each coefficient is the weighting term that could be inultiplicd by this
t,-e*i esponding Walsh function showvn in Figure 1 I to repr,.ficnt tlhe
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original function. Each coefficient gill ' k is computed (again like

.Fourier coefficients) by an inncr product:

1

1112..XZ 'ik 160 x i ~ 2  i (x)dx

For ,example for the function of interest here,

1

g321 = 16 f E(x) W13 2 1 (x)dx -6,
0

where W is shown in Figure 11 and g(X) is as given in Figure 10.

Actually the coefficient calculation involves a simple set of pairwise
&l multiplications and a summation. The 16 Walsh coefficients for the
given function g(x) are

-2, 6, -2, -6, -2, -2, -6, -2, 2, 6, , -6, -2, -6, 2, 2.

Maximize the Lexicographic Order of the Walsh Transform array

as follows. Invert the signs of all array coefficients. This inversion

corres ponds to complementation of the original function. The cornple-

inented function is depicte on the Karnaugh Map of Figure 9b and its
Walsh coefficients are

2. -6, 2, 6, Z, 2, 6, 2, -2, -6, -2, 6, 2, 6, -2, -2

Change the sign of every Walsh coefficient whose subscript
contains a "3'' (e. g. , g 3 2 1 changes sign but g2 1 does not). This change
corresponds to complementing the inpit variale :. A Karnaugh -Ud
displaying the function after both the change of step 2a and this step,
Zb, is shown in Figture 9c. The corresponding Walsh coefficient array
is now given by

2, 6, 2, 6, 2,-2, -6, -2, -2, -6, -2, -6, -2, -6, -2,2.

The final step in maximizing the Lexicographic order of the
Walsh coefficient array involves interchanging variables, liere only
an interchange of the variables xj and x 2 serves this purpose. When
interchanged, the corresponding coefficients are interchanged in the
Walsh array as follows. Each coefficient including a "I" is exchanged
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with its counterpart which includes a "2" in its subscript (e.g. , g 3 1
and g1 2 are interchanged; note that g 3 ZI is not changed). The new
Walsh array is now given by

2, 6, 6, 2, 2, -6, -2, -2, -2, -2, -6, -6, -6, -2, -2, 2.

and the corresponding function "I" is shown in Figure 9d.

Each of the above operations has increased the Lexicographic
size of the Walsh Array; no further operations of the above type will
permit further increase. Hence, the function f, having the last set of
Walsh coefficients is the cataloged canonkcal function for the equiva-
lence class to which g belongs.

Step 3

Although a Walsh coefficient array would most adequately repre-
sent each class, our catalog uses liarrison's identifier sequences to
permit easy correlation with his previously published results. Conver-
sion of a Walsh sequence to its equivalent Harrison sequence is accom-
plished by the simple formula:

H i  ; ,- .. k . (1/2)(2 - W, •.1 'k 1 2 '  'k

For example, 113 (1/2)(16-W 3 ) = 5. Using this formula for all
coefficients results in

7,5, 5,7,7, 11,9,9, 9, 9, 11, 11, 11,9,9,7

as the liarrison class identifier of g (and also of f).

St .p4 (C ,talog look-up and synthesis)

The above class identifier is located at the top of page 152 of the
catalog (reproduced here as Figure 3). The minimal delay/hardware
network shown for the (canonical) function f is also minimal for the
function g; the input/output connections only are different, correspond-
ing to the changes made in Step 2. To use the circuit, one performs
the three operations used to convert the Walsh array but in reverse
order. Specifically, first permute input variables x 1 and x 2 , then
complement input variable x 3 , and then use the complement output.
This sequence of operations is indicated schematically across the
bottom of Figure 9 (right to left).
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ADVANCES IN HIGH SPEED A-TO--D CONVERSION

D. Benima

RCA Advanced Technology Laboratories, Camden, N.J.

ABSTRACT

Some limitations of the conventional approach to high speed analog-to-
digital convertsion are reviewed anl two recent innovations in converter design
are presented: the VAROM ("voltage addressable read-only memory") concept
and the "sampling on-the-fly" concept. These novel design approaches lead to
systems which arc faster and more amenable to microelectronic implementation,

Analog to digital converters measure the instantaneous amplitude of an
analog input signal and present the measurement result in digital form. Mea-
surement, in this context, consists of determining in which one of 2n subranges
the signal amplitude fits, where n is the number of bits of the digital result.

With increasing signal frequency the time which the signal amplitude spends
in any one subrange becomes shorter. In an n-bit converter a full range signal
of maximum frequency, f, can traverse a subrange in the "minimum subrange
transit time" r . 1/( 2

n 
Tf). r is a measure for the precision with which the time

of measurement must be known. This time is established by the sampling pro-
cedurc in which the continuous change of the input signal is periodically inter-
rupted. The timing tolerance of this interruption is called "aperture" and it
must be smaller than r, the minimum subrange transit time. Figure 1 shows the
relationship between n, f and 7-. For processing a 100-MHz signal with a
6-bit resolution (appr. + 1%) 7 is50 ps and the aperture must thus be umaller than
50 ps.
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SAMPLING

In conventional high speed converters a narrow aperture is obtained with a
fast opening switch or "sampling gate", in a track and hold configuration.
(Figure 2). Such sampling arrangements are in principle capable of achieving
very narrow apertures, partly because of the speed of the sampling gates used
and partly because of the switch paradox, explained in Figure 3. In practice,
however, track and hold sampling systems are found to be subject to many fre-
quency and repetition rate dependent errors, which become prohibitive above
iC0 MS/s (100 megasamples per second).

In the novel approach of sampling on-the-fly some of the errors inherent in
track and hold sampling are avoided. Sampling takes place in the digital domain
after the analog signal has already been broken up into subrange signals. The
analog signal remains continuous and is never interrapted. Consequently, no
sampling transient is introduced in it as is the case in track and hold. The
mechanization of sampling on-the-fly will be discussed in conjunction with the
description of the VAROM converter approach.

CONVERTER ORGANIZATION

In conventional high speed converter systems the conversin invariably is
carried out in a number of steps. Each step consists of comparison, reconversion
of the digital result to analog, and subtraction of this latest analog value from the
prevous n. Thi- is a cumbrvsoaie procedure, but it is attractive for two
reasons: much less comparator hardware is required than for a one-step
conversion and the second step of the conversion can be performed while the
first step of the next conversion takes place, thus permitting a certain measure
of speed-up by paralleling operations. With the advent of microelectronics the
hardware savings afforded by conversion in steps has become less important
and the time for a new generation of one-step high speed converters has arrived.

VAROM

While in conventional systems the digital output is generated as the conver-
sion progresses, in the VAROM system all 2n possible digital output words are
already present and stored in a read-only memory. The voltage to be digitized
is used to select the address in the memory that contains the correct output
word. The basic VAROM structure is shown in Figure 4. A linear array of 2n
comparators, each with a different threshold which corresponds to one of the
2n subranges, is followed by only one layer of logic, which feeds directly into
the read-only memory. At any oDe time only one of the logic outputs is high,
selecting the proper word in the memory. The comparator , consist of a
differential input amplifier followed by a strobed latch. The latch strobe acts
as a sampling gate and its precise timing constitutes the major engineering
task facing the VAROM designer. The simplicity an,' the potential for high
speed of the VAROM system is obvious. Systems based on this principle
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are expected to allow sampling rates of 400 MS/s with resolutions unattainable
with less straightforward approaches.

The simplicity and repetitiveness of the VAROM structure invites a micro-
electronic implementation. To make such sn Implementation successful, a
method had to be found for modularizing the read-only memory. Such a memory,
if realized in a routine manner, would require 2n1 access wires from widely
separated points in the converter. The capacitance of these interconnections
would be inconsistent with the high speeds of operation sought. An elegant solu-
tion to this problem is shown in Figure 5, The read-only memory is modularized
in blocks of eight words. One type of module suffices. From its eight words all
2 n different words can be easily derived by a simple discretionary wiring method.
For columns which are to contain zero's the module sense wires are left discon-
nected from the common sense buses. In a 30 MS/s, 7-bit converter, which was
an early test vehicle built at the Advanced Technology Laboratories, the read-
only memory module consists of fast, ultra-lw capacitance silicon-on-sapphirc
diodes on a 55x55 rill substraie, This substrate is mounted in 1 inch square
hybrid packages together with the ICIs for eight comparator and associated logic
gates.
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Figure 2. Conventional track & hold sampling. At high sampling rates errors tend
to become prohibitive.
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F~igure 3. Th-e swvitch parad,,x. Any switch which chaq.g !s its resistance from low
(closed) to high (openl) i a finite time can be intvrpreted as an ideal switch which
opens instantaneously, Shown arc two ramp input voltages., A and B3, charging a
50 pr bolding capacitor through a sw{ch wi4th a time-c)dr, resistance
r=20exp(t/2. 1P'- 0) for t*>0 and r=20 Ohm] for t<0. The: coralputeri output voltages

can be interpreted as the result of an ideal switch with 7er'o resistance, opening
iiistauta ilously at t=-782 ps, well before the actual k witch utalts to open at t.
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Figure 5. The read-only memory can be modularized by using the same basic array,
shown above at left, for every block of 8 comparators. To obtain the coding shown
above at right, the module sense lines which correspond to the "zero" columns are
left disconnected from the common sense line buses.
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ADAPTIVE MOS/LSI MODEMS

EARL D. GIBSON

North American Rockwell, Inc.
Research & Technology Division

3370 Miraloma Avenue
Anaheim, California 92803
Telephone: (714) 632-4090

ABSTRACT

Six MOS/LSI chips almost entirely contain an adaptive half-duplex
4800/2400 bps modem plus a 110 bps modem. The two modems operate con-
currently in opposite directions over a single dial-up channel. A non-
MOS version has performed well over actual dial-up channels1 and
testing of the MOS version has started.

A higher-performance, full-duplex modem capable of operating over
various types of channels at several biL rates up to nearly six t'mes
the channel bandwidth has been bread oarded and tested. Tentativt. plans
are to implement this modem almost entirely on 7 or 8 MOS/LSI chips.
The features include: (1) automatic, adaptive equalization, carrier
recovery, timing and AGC that jointly and rapidly converge under extremely
wide ranges of conditions and near-optimally combat the combined effects
of both distortion and noise; (2) error correction that requires no digit
redundancy and combats various disturbances; (3) jitter correction.
Measured data showing the outstanding performance of this modem is presented
herein.
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Introduction

The following two high-speed data modems for voice-band channels
(plus variations on these modems) have been developed at North
American Rockwell, Inc.:

Modem 1, a 4800/2400 bps, 5 HOS/LSI Chip Modem for Dial-up Channels.
The present model is half-duplex and the 5 MOS/LSI chips contain
essentially all of the modem hardware except interface circuits aud
power supply. This modem is completely automatic and thoroughly adaptive.
One additional MOS chip contains a 110 bps modem. The 4800 bps and
110 bps modems operate simultaneously in opposite directions on the
same 2-wire dial-up circuit. This MOS modem has been undergoing success-
ful field testing since December, 1971. In addition, a non-MOS version
of this modem has been extensively tested, including quive successful
tests over various dial-up channels over widely separated geographical
regions. Full-duplex demonstration models of this 4800/2400 bps modem
are presently being constructed. The MOS/LSI implementation offers a
several-fold reduction in initial cost plus major reductions in main-
tenance, logistics, size, weight and power consumption.

Modem 2, A Higher-Performance Modem. Although Modem 1 provides
relatively high performance, Modem 2 provides far higher performance
by incorporating newer techniques.* Modem 2 has been breadboardcd and
thoroughly tested. Now, we are efficiently digitizing the hardware in
preparation for implementing this modem in MOS/LSI. 1horough computer
emulation in machine language is contributing heavily toward efficiency
of digitization. We tentatively plan to implement this modem almost
entirely on 7 or 8 MOS/LSI chips.

The present experimental model operates at 9600 or 4800 bps over
leased telephone channels. Comuter simulation indicates that data rates
up to 19,200 bps on high quality voice-band channels and up to 9600 bps
on dial-up channels can be provided while keeping the error rate
sufficiently low for some applications. At bit rates up to 960 bps on
leased channels and up to 4800 bps an dial-up channels, the bit error
rate can be kept quite low, as the measured curves presented below indicate.

A major advantage of the digital implementation is that, without
substantially increasing the cost of the hiardware, we can provide high
flexibility including several data rates, ver stile signal shaping to
optimally shape the signal spectrum for different channel types, and pro-
vision for the insertion of various optional features. Most of this modem
will also be used in 19.2 kilobit-per-second data transmission over XHF/UHF
links.

This modem is not merely automatically equalized. lt is completely
automatic and thoroughly adapts to various combinations of channel charac-
teristics and disturbances, including the intersymbol interfexence caused
by severe amplitude distortion and delay distortion, Gaussian noise,

*Some of these "newer"techniques have been under development and refine-
ment for about five years.
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carrier phase offset, and jitter of the carrier phase and timing. No
data stream interruptionsi are required for learning purposes and com-
pletely hands-off operation is provided.

The remainder of this paper will emphasize Modem 2, because this
modem will offer both outstanding performance and the major cost advan-
tages of MOS/LSI. In any given type of circuitry, Modem 1 and Modem 2
require about the same quantity of hardware.

Implementation, Summary

The modem employs a special combination of pattial response signal
shaping and simple coding to simultaneously achieve several important
advantages. The coding makes it fesisible to use signals that overlap
heavily in time (controlled Intersymbol interference), thereby achieving
high data rates for a given bandwidth with relatively few signal levels.
The relatively small number of signal levels for a given data rate makes
the system far more i~une than conventional signaling schemes to Gaussian
noise, impulse noise, phase jitter, and various other transmission dis-

turbances than conventional signaling schemes. The coding requires no
digit redundancy and no special synchronization. The detailed signal
shaping in both tran6mitter and receiver has been carefully designed to
jointly optimize the overall modem performance while minimizing the overall
cost of implementation.

To a close approximation, the eff'!ctive amplitude-frequency charac-
teristic of the overall transmitter (when all effects are translated to
baseband) is A() -Jsin T2 * c(w) for jJw J " and A(w) - 0 for IwJ >w

T T2

where T is the time per symbol and c(w) is the amplitude-frequency charac-
teristic of a nominal channel. Excluding the equalizer, it has been found
that pertinent optimization constraints require both the receiver and
transmitter signal shaping characteristics to be the same. Thus, ideally,
the overall system amplitude-frequency characteristic is sin Tw for

JwJ I w . With sampling at the baud rate, the sequence of normalized
Y

amplitudes of samples of the ideal impulse response of the overall system
is ... 0, 0, 0, 0, 1, 0, -1, 0, 0, 0, 0 ....

Efficient utilization of bandwidth is obtained by achieving essen-
tially pure single-sideband modulation. The separation of sidebands is
facilitated by the method of signal shaping, which req,%ires no d-c com-
ponent in the baseband.

Figure 1 presents the trannmitter. The present implementation is
partly analog, but all of the circuitty to the left of the dashed line,
except the timing oscillator, is presently being implemented digitally.
A relatively versatile fast-processor -ype of implementation is being used
for experimental refinements in real time. We plan to subsequently
implement the entire transmitter, with the exception of timing circuitry
and the circuitry to the right of the dashed line, on a single MOS chip.
Another MOS chip will contain the timing circuitry for both the tvansmitter
ad the receiver.
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The data enters level converters (not shown) and passes through
a randomizer consisting of a 17-stage linear sequence generator assuring
essentially zero auto-correlation in the data stream. This randomization
aids the adaptive receiver. The coder allous the received data to be
detected without reference to previous data, thereby preventing error
propagation effects that would otherwise be caused by the controlled inter-
symbol interference (overlapping signal elements) used.

Actually, the coder, signal shaper, modulator and sideband separation
are all combined and mainly consist of stored, sampled, auantized wave-
forms, which are read out of a read-only-memory (ROM) at 2 samples per
symbol time and are nultiplied by the data. At this point, the data is
binary (+I) at 4OO bps and quaternary (+1, +3) at 9600 bps, as examples,
on lcased or dial-up telephone channels.

The completed digital signal is converted to analog form by the DIA
converter. The D/A converter storage and switches are included in the
NOS chip. The output low-pass filter, though by necessity analog, is
quite inexpensive. This filter separates the desired signal spectrum
(nominally 480 Hz to 2880 Hz) from aliasin8 spectra that result from the
sampling.

The receive section of the modem is shown in Figure 2. Except for
the simple input filter, AGC, and the thick film ladder netvork for the
A/D converter, the receiver will consist of five (5) MOS chips. The input
filter is identical with the transmit output filter. The ACC consists of
a voltage variable resistor, an integrated operational amplifier, and
other discrete components. After A/D conversion, the sampled Lignil is
triaiLd-rd to baseband by multiplication with samples of a sinusoidal
carrier. The baseband spectrum is separated from the upper sideband by
the digital sideband filter, The b3seband signal is then equalized by a
transversal equalizer (1,2,3,4) in which the tap gains are automatically
adjusted to minimize the combined effects of intersymbol interference and
noise. bvcuse of the controlled Intersymbol interference mentioned
earlier, the receivei makes 7-level decisions when 4-level data was trans-
mittedr for example. The slicer makes threshold decisions and the decoder
converts these decisions into data in the code that crig~nally appeared at
the transmitter input. The data is derandomized in the self-synchronizing
derandomizer and converLed to the appropriate output level.

The phase-locked loop (PLL) lozks to the carrier. The carrier is
phase shifted to correct for phase offset of the carrier relative to the
ideal carrier phase, which offset is caused by delay distortion on the
channel. The phase offset corrector and timing er.ror are precisely con-
trolled by logic operating from tap-gain information from the equalizer.

On initialization of operation, before the equalizer tap gains have
converged, coarse phase offset and timing error information ia aerived
from a preamble transmitted for that purpose. Then, equalization is
obtained using a signal equivalent to the regular pseudo-random data signal
in the 2-level partial response signaling mode. Overall receiver learning
is achieved in a fixed time interval., which is now being reduced to approxi-
mately 200 milliseconds. Then, the modem auLomatically switchen to the
regular deta transmission mode.
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Automatic, Ad tive Equalzation, Carrier Recovery and Timing Recover"

(1,2,3,4)The equalizer is an automated, digitized transversal equalizer
The automatic equalizer adjustments are, in effect, controlled by cross-
correlation functions to achieve the following objectives:

a. Convergence of the automatic adjustment process under extremely
wide ranges of conditions.

b. Near optimum minimization of the combined inters3nbol interfer-
ence and noise.

The following is believed to be the first practical automatic equalizer
adjustmen" algorithm to accomplish these two objectives.

In z-transform notation, with sampling at the symbol rate,
aT

1(z) - gz) h(z), z - e (1)

where h(z) and t(z) represent the sampled, impulse response of the trans-
mission system as seen at the equalizer input and output, respectively,
and g(z) is the sampled transfer function of the equalizer. The equalizer
adjustment criterion is as follows:

Once each baud time, increment each tap-gain, gk' in the direction that
drives the cross-correlation function

Ck  E elhiJk (2)

toward zero, where hjpk is the (j-k) t h sample of the transmission
system's impulse response as seen at the input of the transversal equalizer,
and e is the error in the jth sample Lj of the system impulse response as
seen Ithe output of the equalizer; i.e., e is the jth undesired inter-
symbol interference term.

By straightforward implementation, each cross-correlation Eq. (2)
would require an infinite number of multiplications and 30 such cross-
correlations would be required for a 30-tap equalizer, for example.
However, our iierative, rime-shared implementation 1. quite inexpensive.

The overall combination of carrier recovery, timing recovery and
equalization initially converges automatically, even under severe channel
distortion (such as that encountered on dial-up channels), compounded by
phase jitter and by any initial errors in timing and carrier phase.
Furthermore, the equalization, timing and carrier phase all rapidly con-
verge to jointly optimized values and track these values with high precision
and stability. Neither non-data signals nor data stream interruptions are
required in order to achieve this continuous, optimized adaptation.
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Optional Error Detection and Correction without Digit Redundancy

Error detection and correction that requires no digit redundancy
other than that inherent in the selected method of signaling has been
implemented and tested. This error corrector is quite offective against
various types of transmission disturbances. Measured results are
presented below. In those applications where any conventional method
of error correction would require an increase in the number of signal
levels in order to achieve a given information rate, this new method of
error correction is especially advantageous. This method does not
require any increase in either the number of signal levels or the symbol
rate.

Performance of Modem 2

Modem 2 has been thoroughly tested in the laboratory tinder various

combinations of channel characteristics and disturbances, as well as on
real channels. Figure 3 depicts representative results under Gaussian
noise. This data was taken on a simulated channel with distortion slightly
worse than a worst-case Type C-2 telephone channel.

Note that at 9600 bps (and on channels that do not introduce

significant phase jitter) the bit erroi rate is exceedingly low at
signal-to-noise ratios above the specified minimum of 26 db for Type C2
channels. Even without the error corrector, the performance is outstanding.
A rclatvely simple version of the error corrector eliminates 95 to 99.5%
st errors, depending upon conditions, without reducing the useful data I
rate. A more sophisticated version can reduce the bit error rate by
several orders of magnitude under some conditions witlhout reducing the
.-sef',l data taLe.

Figure 4 presents the performance at 9600 bps under phase jitter
of 15* peak-to-peak at 60 hertz, which is approximately the worst phase
jitter encountered on leased telephone channels. For reference purposes,
two curves for the case of no phase jitter are repeated from Figure 3.
With no corrector, the performance under this phase jitter at the
specified minimum S/N for Ty e C2 channels is marginal for some applications.
Our error corrector that requires no digit redundancy improves the per-
formance substantially under pl:cse jitter. The combined error corrector
and jitter corrector improves the performance further.
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A GENERAL PURPOSE COMPUTER FOR SATELLITE APPLICATIONS

James A. Perschy
Applied Physics Laboratory

The Johns Hopkins University
8620 Georgia Avenue

uilver Spring, Md. 20910

301-953-7.00

ABST ACT

A computer intended for use as a spaceborne real time controller has
been designed at the Johns Hopkins University Applied Physics Laboratory
and will be utilized in a Navy Favigation Satellite.

166



I ntroduct ion

The computer reviewed in this digest is the third gcneration digital
system for the Navy Nvigation Satellites. The first generation system
was first laincehed in 1962 and consisted of core diode circuitry used
to pcr'form logic anii drive 50 mijl core memory array. The second gen-
oration system was first launched in 1966 and consisted of a special-
purpose processor designed with series 51 1iCTL and a 30 nil core mmclory
array driven with hybrid circuits.

Purpose

Figure 1 shows the computer relation to other satellite systems.
The FF data link to tile compliter is via the ten bit per second and
thousand bit per second bit detectors- Each bit dctector input is three
line serial and consists of an interrupt line, clock line, and data line.
Proceeding clockwise on FiCure 1, the computer output to the coimmand
logics are also three line serial. Six lines from the disturbance coil'-
pensatien system, DISCOS, give the compiter the six micro-thruster valve
on-off waveforms for partial dat.' reduction, formatting and storage.
DISCOS contains a ball centered ill sphere servo system and is designed
to compnsste for air drag and solar prcssure. The computer piovides
timing and direct delayed on-off conuands to the Pseudo Eandoi Noise
Generator, PEN. The computer outputs data to the tranmlitters either
as 50 bits per second Navy navigation message, NAVSAT, or 325 bits per
e.oiia tel.cmetry, TM. The computer interface with the real time TM

system consists of a nine bit TM commutator address or TM data bus, a

serial computer to TM data channel, and four interrupts; status request,
dump request, TM data ready, and frime synchronizatien. A 5 megahertz
stable oscillator output is used to generate the computei clock, either
directly or via an incremental phase shifter, IP.M. Tile purpose of lPd
is to provide more accurate satellite timing. The computer provides
progranancd up or down counts to a counter in ]}'S to regulate tht phase
shift rate.

Energy Conser Jat ion

Most of the compu er is pul so powered and shuts down when not. in
use. Whe an) intUrrupt is r'ecognizcd the computer enters tile Continuous
computing m11Ode. In this made thie computer using core memory for both

prograln and ,]ata storage executes 250,000 instructions per secold at. a
power level of 62 watts. OuL'Picient energy is stored on capacitors for
two milliseconds of continuous operation. Interrupts; may be internally
initiated under prowaln'n control via ouit.put instruct ions. These internal

interrupts serve as low overhead cnt r-y to background ceomputation.

'lihe computerl has f'oir background conmputing rates which may be
selected under progrnsn control by two bits in a status register.

Using core memo'ry fur both pl'ogram and data storc,) -" the power consuninptioln

for the four bickground compntinLg rate!- are as follows:
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Instructi ons/SEC POWER

2,000 1.5 watts
4,coo 2.0 watts
8,000 3.0 watts
16,ooo 5.0 watts

The satellite power system is callable of continuously powering the com-
puter operating in the backgrouid mode.

Table 1 sunmnar-izu the decrease in energy required to execute an
instruction that can now be achieved withi two other possible configura-
tions. The present configuration which utilizes a 3 wire 3D 20 ail core
memory and standard power circuits in the processor requires from the
computer power processor 200 microjoules per instruction. Giving this
a more useful interpretation for a small satellite, the computer can
process at a one watt average power level, an avorage of fifty interrupts
per second with an average of one hundred instructions per interrupt.
Replacing tie original core memory with a 2-l/2D 18 nil low drive core
memory can yield a four-to-one improvement over the original design.
Replacing the original core memory with plated wire memory and repackag-
ing the processor utilizing all low power TTL can yield a ten-to-one
improvement over the original design.

Computer Organization

Figure P shows the computer cr....a.on+ The intrfaciz with thme
other satellite systems through the input-output logic is depicted in
the upper left with the SAT to 10 interface. Below the 10 inierface is
shown the Read Only Memory which contains the bootstrap louder program,
the Read Write Memory used for data storage and ot.er programis, and the
priority interrupt logic. The sixteen-bit parallel two-function opera-
tor logic, OPR, is shown in the upper right corner. The output of the
operator, the Z Bus, inputs to the arithmetic registers. irst is shown
the si tuc register, U, which contains the carry, overflow, and input-
output flags, the power mode control bits, and eight interrupt masks.
Next is the accwimulator, A, and the index register, X. The real time
clock register, T, consists of a sixteen-bit binary counter and a sixteen-
bit svnchronizing latih. Negative 0 -1o2rflw of thle counter causos the rl
time clock interrupt. Operations that are performed with the A register
can also be performed with the T register. The program address register,
P, the memory address register, W, and the main exchange register, D, com-
prise the remainder of the arithmetic registcrs. Th control portion of
the computer shown in the center of the diagram consists of an associative
Read Only Memory addressed by the state register, I, iteration counter,
N, instruction register, I, and the Z bus. The microinstructions, MICROS,
control the data flow paths.

Table 2 lists the major considerat-ions used to determine the machine
architecture. Of these considerations, the attainment of item 2 proves
the efficiency of utilizing a general-purpose computer over utilizing a
special-purpose processor and memory. To satisfy the Navigation Satel-
lite data storage and formatting requirements, NAVSAT, a special purpose
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TABLE 2. ON DETERMINING MACHINE ARCHITECTURE

1. Low overhead for entry into and exit from short data fomnating

tasks.

2. High program storage efficiency comparable to data storage require-

ments. NAVSAT min = 25K.

3. Fast reaction time to interrupts to eliminate extensive I-0 buffering,

but capable of extended background computing on available power.

4. NAVSAT output formating primary original tas, and used as benchmark

test for instruction repertoire.

5. NAVSAT major design goal dictates that thc power be kept off' most

of the computer when not performing a task.

I
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TABLE 3. INSTRUCTION SUWWAfY: PART 1

STORAGE HEY; 11 10 9 = I X R BIIVCH IF

Transfer BAZ A 0 620
TSA 00 (S)+A 1F U16 = 1 BAA A# 0 0
TAS 01 (A)-S TSD (S,s+I) AX AP A pos 601
!AS 64 (A) Z(S) TDS (AX)-S,S+1 BAN A neg 621
TSX 10 (S)4X IDS (AX) (S,S+I) BAE A even 602

TXS 17 (X)-S NA1i A odd 622
TST l-. (S)-T 1EZ Ai6 # A15 (13
TTS 12 (T)+S BE] A] C- A35 633
TSU 16 (S;U BXI X pos 605

TUS 07 (U) S BXN X neg 625
Arith IF U16 1 BXZ x 0 626
PSA 02 (A)+(S)-.A C, OV ASD BX1 X # 0 606
SSA 03 (A)-(S)-A, C, OV SSD BXE X even 607
MLT 24 (A)X(S)+A, X BXo X odd 62'
AST 36 (T)+(S)-2'"2, C, OV 130Z Ov, U15, cl 603

Logic BOI Cv, U15, set. 623
NSA 13 (A) AND (S)-A PZZ Cry, U14, cl 6014
MSA Ili (A) OR (S)-A BC1 Cry, U14, set 624

ESA 15 (A) EYOR (S)-A DF1 10F, U33, set 630

Control BFZ 1 13, U13, cl 610
JMP 21 (P)=S BJ1 J, U10, set 631
SJP 22 (P)-S, (P)-S4]. BJZ U, UI0, cl 61.
IRN 23 (S)f-lIS, C, OV; SKP (S)VO BQ1 Q, U9, set 632

1,S 06 (S',+l-S, C(, OV; SKP (S)=0 IQZ Q, U9, cl 612

CAS 05 S.0' i (A)=(S), SKP 2 (A)<(S) BIZ SWl, cl 614
C'z 37 SKIC 1. (T)-1 = (S), SIM 2 (T)-I<(S) DiI SWI, set 63)4
DOS 20 (S) I, N B2Z SW2, cl 61,

I.MDIATE P21 SW2, set 635
TIA 26o T +E B3Z SW3, cl 616
TIX 261 iX B31 SW3, set 636

AIA 262 (A)+]+A, C, OV 6hz swh, el 617

A]T 263 (T)+I-o-T, C, OV 641 S144, set 637

AIX 264 (X)+4+X, C, OV; SKP X=O
AfN 265 (X)+l-X, C, OV; SKIT X=].
CAI. 266 SKP 1 (A) = -I, SKP 2 (A)-I SHIFT, C, OV
CT] 267 SKi? I (T)-i = -.1, SKP 2 (T)-I<-1 ALM A left Rot 3222
NIM 270 1 AND (M)-M XLR X ]eft Dot 3212

MIN '271 1 0R (M)-M ARR A right Rot 3262
HTM 272 1 FVO0 (M'.AM XHH YX ,i 7 - _ . 5)

NI.F 273 1 AM) (1) 112 A left shift 3220

1411 27'4 _ f [ P ,)-F XLS X left shift 3210

ELF 27) 1 PYOR (+)I-,' ARS A right shi i't 3260

T 1 '6 '--.1 )MS X right shift. 3250

TIF 277 1IF ARA A right arith 3261
'N'UT- OUTUT.1 XRA X right axith "3251:.PT0TU,10F SLN Lc'rig left Pot 323h4

'I- S Trahsfer Data Seri'J 33 LBS Long left Rot 3274

'ILIE Trwisfer Data Ext 1. 3 Long right Rot 3274

TEA Input Loed A 164 LS Long left Uhift. 3230

MNISA Iipu OF to A 165 LBqS Long right s-hift 3270

S,<Z Set- , Skip if 0 166 IRM Long right arith 321

:'1 2enc' SI... i nut 0 i67 DLY Delay 3200
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processor of complexity nearly equal to a general purpose computer
processor would be required and would not provide for programmable
stored telemetry and delayed commands.

Ins .ruuti ons

Table 3 is a partial summary cf the computer instructioi set. Not
included are 105 interrcgist-.r instructions. The memory reference
instruction format contains three address modifier bits which designate
relative, indirect, and indexed addr~sslng. All three address modifiers
may be utilized in a single memory reference instruction. The conditional.
branch instructions arc relalive with a seven bit dinjlacement field.

The extensive instruction repertoire is partially the result of
apriori component selection. The relative balance of arithmetic, control,
input-output and memory hardware indicated tat [n extensive instruction
set may be incorporated wi.hout significantly expanding computer hardware.
Were it ever planned t , package the processor on a few LSI chips con-
straints on the LSI processor instr-uctions would be nece.3sary.

Memories

The o1"'ies u,.sed with the processor to complete the first satellite
computer desiLr consist of one 41K word x 16 lit core it-emcry for modifiable
prog'am and cata storage and one 64 word x 16 bit Tii r,.sd-only mlemory
for the RF link bootstrap load-r prunm i. The core memory consists of 64
hybrid circuits designed around an EMl SM20 3b, 3 wire 20 mil lithium wide
temirerature cor: stack. These circuits *onsist of 16 X-Y axis comple-
mentary current switches, 16 X-Y axis complem~ntary voltage switches,
16 dual digit regulated voltage switches, and J6 sense amplifier dual
comparator threshold networks. The read-on.]y memory utilizes the Harris
field progrmmable fusalie link TITt W0's. Both memories are designed
for complete power shutdown when not being accessed. Table hi 3sts the
memorles considered for the first flighl computer.

Choice of Microirru-' :

The choice of TTL for the compter was at the time necessitated by
the cons ideration of envirJonental dcgrad ations. The pro.en lev random
failure probability -tV TEL also weighed heavily in favor of choosing T.
T.ablo 5 lists th3 combinations of component. considered for the processor
logic. The fourth option qas auopted as tre best compromise of low colrn-
r-'ocnt count and low gated power (on-umption. Table 6 lists logic com-
ponents ruled out early in thc or:gina dcisin making process. It.
should bt kept in mind that tho-se deci sions reflect the status of micro-
circuit logic elements available in mid-1969.
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TABLE 4. MEMORY OPTIONS FOR FIRST CONFIGURAITION

RANDC ACCESS MEMORIES

A. Plated Wire

1. Low power

2. Low weight and volume in development

j. 11igb potential reliability

B. Core (20 m i)

I. Low cost

2. Acceptable power weight and volume

3. High proven reliability.

READ-ONLY MMORIES

1. TTL custom film.

2. Field programmable fusible link diode arrays.

3. Field programmable fusible link dT.
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TABLE 5. COMPONENTS CONV1DEBFD POR PROCESSOR LOGIC

1. Five basic TTL IC's that were available as high power dielectrically

isolated semiconductor,thin film resistor circuits.

2. Five basic Lower power TTL circuits that showed potential for

becoming available as dielectrically isolated semicotductor, thin

film resistor circuits.

3. ALI avaiIable low power TTL circuits including the MSI Low power

4 bit register section.

4. All available low power and standard power 'IL circuits including

the standard power MS 4 bit address, I of 8 and 1 of 16 decoders and

S input multiplexero.

TABLE 6. COMP'ON-ENTS RULED OUT EARLY

1. MOS low power circuits, MOS MS circuits, aud custo' designed MOS

LSI arrays.

2. C'stom designed low power dielectrically isolated semiconductor

thin film resistor arrays.

Core diode logic

4. "yLrid semiconductor lcsic.
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PackaginE

Figures 3 and h show two views of the prototype flignt computer
logic. The right hand card on the open view Figure 3 contains the pro-
cessor control. The connector in the upper right corner is used
for preliminary test monitor and display. The next card contains the
arithmetic logic. The combined control and arithmetic logic form the
central processor. All of the processor control card is fabricated with
medium power TTL. The entire processor control card is pulse powered
and shuts down when not in use. The registers on the arithmetic card are
fabricated with low power TIh and may stay powered during energy recharge
periods when background computing is in process, on shut down with the
arithmetic logic and the control board logic during energy recharge
periods when background computing is not in process. The remaining two
cards contain peripheral logic consisting of the bit detectors input
buffer and overflow counter, delayed command forme.t error detection cir-
cuits, transmitter modulation encoder, TM input output buffers, and
priority interrupt buffers. The Bead Only Memory, S bus multiplexer,
and connectors for the core memory and satellite systems are also on the
peripheral cards.

The construction method consists of point-to-point welded wire on
feedthrough pins for signals and laminated planes with access holes for
power and ground. Microcircuits are parallel gap welded to the top of
the board as a final step in board fatrication. The four processor and
peripheral logic boards bolted into a mnesoinm cnsting weigh two pounds.
The core memo'y which consists of two boards and tI core stack bolted
into another magnesium casting weighs two auid one-1 .lf pounds. The two
castings clam-shelled together in the satellite occpy 200 cubic inches.
The power processor which consists of current limitcrs, energy storage
capacitors, and gated voltage regulators weighs two pounds and occupies
50 cubic inches.
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A TORPEDO SYSTEIl DIRECTOR: LOGPRO#3

J. E. Brewer

Westinghouse Electric Corporation

An economical digital processor, LOGPRO#3, has been developed
to serve as the system director for underwater vehicles such as tor-
pedoes and mobile acoustic targets. LOGPRO's architecture and spe-
cial instruction set allow efficient use of instruction memory.

INTRODUCTION

LOGPRO#3 (LOGic PROcessor) was developed to serve as the con-
troller for a torpedo research vehicle. its purpose was to explore the
feasibility of software oriented tactical and control routines ;n ad-
vanced torpedo systems, and to aid in the definition of the systems
arci ,tect ie fur future w,,eapons. Thif paper describes the LOGPRON;3
prototype machine.

PHYSICAL CHAR /-CTERISTICS

As shown in figure 1, two wire \vrrp boards form the LOGPRO#3
machine. The boards are approximately 16 x 8 inches in area and 5
pounds in weight. *The logic and JO cir .uitry was implemented using
Fairchild 9300 Series ITL, and appears on the lower board in figure 1.
T1he upper board contains a 3, 072-word by 16-bit random access in-
structixi nriemory. The primary meronry component was the Intel 1101
chip. This prototype was constructed for flexibility in experimentation.
All of the integrated circuits used lice available oft the shelf from mul-
tiple vendors.

in general, machines of the LOGI-RO class were not meant to be
stand alone processors. Physically and electrically this processor
should be integrated into the electionies of the torpedo. The LOG1I4O40
circuits can be partitioned oimo cards z.ii-lar to tho:3e used thrt'oghout
tle torpedo, and can share the same povwer sources.
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The block diagram presented in figure 2 outlin~es the internal or-ganization of LOGPRO003. istruction memory is used to store theprogram or torp:!do operating algorithm. Memory is the largest hard-ware cost associated with LOGFRO, and efficient use of instruction
memnory was a major design goal.

During a torpedo r~un, the instruction memory operates in a read-only miode. In a production system this memnory would be partially oientirely implemented in some form of read -only memory (P OM). Inthe LOG1P13#3 prototype, a read-write system was employed to allowexperimentation with) software.

Al~ AOL
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THE SYSTEM DIRECTOR FUNCTION

Thc selection and use of a LOOFRO machine implies a commitment
of the torpedo to a hierarchial multiprocessor organization such as that
shown in figure 3. LOGPRO was designed specifically to be the execu-
tive processor or system director. The director decides when and
whiat each sub-system is to do. It provides set point information and
cues action. Figure 4 provides a broad outline of the functions per
formed by the dircctor.

Awkward separation between the processor and other sub-systems
has been eliminated by design. LOCiPO directly addresses and loads
register, in other sub-systems. It can directly address and force or
test the state of binary variables anywhere in the syste. These
functions are acconplished using single instructions. The need for
investnent in multiplexers and decoders external to LOGPRO is cLiii-
nated because these features are built into the machine.

INSTRJC1 IONI

SLAVE WYTM IORKING
PROCESSORS MIREC 1 M " MORN'

SONAR & SIGNAL [I ILGHY COMMAND WEAPON
PROCESSING CON 1OL & GUII)ANC- & CONFROI
SUB SYS I LMS JGUIDANCE SL lT 1 [ Si SUB3 S 'rC II M

SUB SYSTEMS SUB SYSI t MS

F!GURE 3: Simplified diagram of a torpedo nultiprocessor
organization co-,ordinated by a system director mlachine,
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The bulk of input data associated with decision making consists of
one-bit logic variables which ,nay originate from any sub-system.
The decision making process requires the evaluation of a combinational
]Boolean expression where the terms of the exprescion are some sub-
set of the inpat variables, time dependent variables, or the remem-
bered result from earlier logical tests. The structure of the computer
program (flow and branching) contains the decision rules mentioned in
figure 4. The director ay influence the system by forcing the state
of logic variables or wu ds withia sub-systems.

SYSTEM DIRECTOR

OTHER SUB-SYSTEMS
SENSORS, CONTROLLERS, DATA CONVERTERS.
DATA REDUCERS, ACTUATORS

PHYSICAL ENVIRONMEN

FIGURE 4: The functions performied by a digital director miachine
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I
THE INSTRUCTION SET

LOGPRO#3 has a machine language vocabulary of 11 instructions:

jump absolute JA. (ni)

jump subroutine JS (in)
return RT
jump if true JT (d) (s)
jump if false JY (d) (s)
sinple activate SA (g) (p) (q)
set register SR (r) (n)
set flag SF (f, D) (f, D) (f, D)
set timer ST (t) (e)
wait WA
maneuver select MiS (k) (D) (y)

To test a Boolean expiresion a computer must be able to test a
single Boolean variable. The "jump if true" (JT) and "jump if false"
(iF) instructions provide this ability. A single instruction will di-
rectly address the variable, test its state, and branch conditionally
to a specified address. Execution of all these actions in one instruc-
tion cycle provides a time saving and a reduction in instruction mem-
ory requirements. In contrast, computers which access the variable
thru a non-transparent multiplexer will trypically execute 6 or more
instructions to accomplish the sane thing.

The director is of course a real-time decision maker. Time con--
straints are provided for by creating time dependent logic variables
which can be tested in the sane manner as any other binary variable.

When the "set tinier" (ST) instruction is executed a logic signal goes
to the one state for the time interval specified by the argument of the
instruction. A companion instruction call "wait" (WA) allows the
option of halting machine operation until the specified time interval

transpires.

Given the LOGPRO ability to efficiently test a single variable, the
task of testing an expression is readily accomplished by software. if
the Boolean expression is written as the sum of products, the number
of instructions required to test the expression will be equal to or less

than the sumi of the number of variables in each term plus 2.

Expression: ABC i DE + FOGli

Instructions required: (3 t 2 1 3) 1 2 = 10
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A.n important feature contributing to the efficient use of instrut "on
memory is the provision for sub-routine branching. The "jurnj -ub-
routine" (JS) and "return" (RT) instructions allow mdtiple nes.e
sub-routine calls out to 16 levels. The return address is saved auto-
matically on execution of JS, and is recalled automatically on execu-
tion of RT.

Progranuning experiences to date indicate that the use of a
LOGPRO machine offers a factor of 4 saving in instruction memory
reqairements. Ase nxbly language programming has proven to be qaite
simple. Enginters reslonsible for a torpedo system have written their
own programs without any special assitance.

SUMMARY

The physical and organizational aspects of the LOGPRO#3 prototype
have been described. When a torpeio system employs a hierarchical
m~ultiprocessor architecture the use of a LO( O;PO machine as the execu-
tive processor is appropriate. The LOGPRO design provide3 hardware
economy and allows software simplification.
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DESIGN OF POWER IIYBRI) MICROCIRCUITS
FOR IlGH RELIABTLITY APPLICATIONS

S. Caruso
National Aeronautics and Space Administration

Marshall Space Flight Center
Huntsville, Alabama

M. Stalder
General Electric Company
Spice Systems Operation

King of Prussia, Pennsylvania

W. Schultz
General Electric Company

Aerospace Electronic Systems Department
Utica, New York

ABSTRACT

In a-iticipation of the use of power hybrids (>25 watts) on the Space Shuttle, NASA
awarded a study contract (NAS 8-26383) to develop guidelinps for the design, fabrication,
and screening of power hybrid circ'its. The material presented in this paper is a sum-
mary of the results of that study.

The study found significant differences betwecn customary design, fabrication, and
screening techniques for low power hybrid circuits, and these now evolving for power
hybrids- These dffierences arc primarily the result of the following considerations:

Avoiding second breakdown in power transistors

Minimizing thermal i.edhack from power transistors to temperature
sensitive low power circuitry

Providing interconnections with current carrying capability in excess
of 1 ampere
Providing resistors with powe- dissipation capability in excess of

0. 5 watt

Providing resistors below 1 ohm in value

* Considerably different form factor requirements

A sunimary of the fin~dings in each of these areas is presented.

THERMAL DESIGN

Perhaps the most difficult of the above design considerations to achieve is a low
enough chip to ambient thermal impedanct- to avoid second breakdown ifi power transis-
tors. The first step in this direction is obtaining a hybrid package which is designed to
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be mounted to a heat sink. The tpes most commonly i use are the bolt-down type and
the stud-mount_-d paclages (Figure 1). Inside the package, beryllia substrates, copper
heat spreaders on alumia substrates, and thin alimna substrates are techniques which
are being used lo minimize junction to case thermal impedance._§ IL _ -i

BOLT DOWN PACKAGE

STUD MOUNTED PACKAGE

Figure 1. Package Types

In choosing between these techniqucs, a general rule of thumb, from a thermal
impedance point of view, is to use a thicker, more conductive thermal structure in pref-
erence to a thinner, less conductive one. As ar example, consider two designs with
equal substrate impedancs (Figure 2).

CHiPI P//i \\ I

-SUBSTRATE /.. 4 - , -. ,," SUBSTRATE

CASE 7 777 ] - CASE
DESIGN NO. 1 DESIGN NO. 2

Figure 2. Substrate Thiclkness Comparison

Design No. I has a thin alumina substrate with the same thermal impedance as the
thicker, more conductive beryllia substrate in Design Ng. 2. Assuming that the heat
generated in the chiip flows at a spreadbig angle of 45' (1), the heat ini Design No. 2 will
flow across the substrate-case bond over an effectively larger area than will be true for
Desirn No. 1. This wili result hi a lower substrate to case thermal impedance for De-
sign No. 2. Similarly, the case and case to heat sink impedances will be lower for De-
sign No. 2 because thc heat is flowing over a Larger area.

THERMAL FEEDBACK

An important design consideration in circuits such as voltage regulators, where
temperature sensitive low power components are located inside the package, is minimiz-
ing thermal feedbsck from power components to the temperature sensitive components.
Analysis shows that thermal feedback !s minimized when:

Power component to heat sink impedance is minimized

Temnpeiature sensitive component to heat sink impeda nc is minimized

The impedance between the two componejts is maximized

Achieving these three conditions simultaneously suggests using a thick conductive struc-
ture for mounting power devices and a thinner, less conductive, structure for mounting
low power temperature sensitive components. One way of doing this is to use an alumina
substrate for low power devices and a separate beryllia substrate for power devices,
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INTERCONN ECTIONS

ligh power circuit designs frequently require interconnectiois which will carry
sinificantly more current than the film conductors typically found in low power hybrids.
Double printing of thick film conductors, conductor runs up to an order of magnitude
wider than those usually found in low power circuits, and large diameter aluminum
wires (5-20 mils) similar to those found in power transistors are belng used to conduct
currents in the 1 to 40 ampere range. Typical thick film conductors produced by usual
processes will support 1 to 2 amperes per 10 mils of conductor width, However, the
series resistance of these conductors may become significant. Therefore, it is impor-
tant to keep runs as short and as wide as possible. Many thick film manufacturers in-
clude minimum design widths in their design specifications wheii te resistance of con-
ductor runs becomes critical. Most thick film conductors will fall within the range of
0. 001 to 0. 1 Win per square. Resistances on the lower end of thLs range are achieved
by specifying naximumi percentage gold and maximum thickness. Increased thick film
conductor tbickniess and thus lower resistance ma , be achieved through the use of larger
screen mesh and/o; emulsion thickniess or very simply by repeated printings of the con-
ductor.

RESISTORS

Thick film resistors printed with plladium-silver, ruthenium oxide and/or plati-
num based metal systems can reliably lndle power densities as high as 1000 watts per
square inch of resistor material, if adequate heat sinking to maitain temperatures be-
low 150'C is available. Test resistors prhited with these materials remained stable to
a continuous power loading of 500 watts per square inch for more than 3000 hours. A
drift in resistance of less than 0.5"1 was observed for all the resistors except these
printed with a 10 ohms per square palladium-silver material. These changcd less than
2.010 after 3000 hours.

Another aspect of resistor stability to be considered when higl-pn-,er handltog is

iivolved is that of iong term stability to elevated temperatureb. Tile results of many
investigators show that the resistors fabricated with the above paste systems have ex-
cellent long-term stability to temperatures up to 200'C. Some paste mat -facturers
claim less than 0.5%' drift in resistance after 10, 000 hours at l50"C in air for Al resis-
tivitier ranging from 1 ohm per square to 1 megohm per square.

Another concern for the engineer designing thick-film resistors in high power ap-
plications is their sensitivity to voltage. The effect of this sensitivity is minimized by
designing long (multiple square) resistors in preference to short (fractional square) re-
sistors. The use e1 paste systems that have been shown to be less sensitive to voltage
gradients also finiimizes the danger of resistor drifts in high power applications. Paste
systems rated in excess of 20C0 volts per inch of length fur most resistivities are avail-
able from several paste manufacturers.

CONDUCTOR RFSIS TORS

Filmn conductors may be used to form the low value high current resistors one
often finds ill power circuits. Resistances on the order of 0,005-0.1 ohm per square
are generally obtainable. This apprnach is most useful when:

Tile rektively high TC (up to 4000 ppm/0 C) of conductors can be tolerated

Use of this technique results in a smaller area requirement than a
standard film resistor

Tolerance is acceptable (obtainable t,'lerance will d'-pend heavily on tile
individual trimming process; for exanmple, whether or not laser trim
is av ailable)
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An excellent example of where this tecluique canl be used to good advantage is !n tie con-
struction of sense resistors wi ich are used to hiztit the output current of power ampli-
fiers and serics regulators during an overload.

FORM FACTOR

Form factor requiremets for power hybrid& differ substajtlaily ironi those for
low power hybrids. The user of low power hybrids normally places hybrid circuits on a
printed circuit board along with many other components. Thus to complete the function
Of Lhe hybrid circuit by i equiring external components elsewhere on a printed circuit
board is not a significant tradeoff.

In the case of power hybrids, the situation is quite different. The power hybrid
will normally be mounted oil a heat siak where it is not so convenient to mount external
components. Therefore, to achieve a., acceptable form factor, mounting of external
comiponents directly to the hybr-id package, and modules designed specifically for power
hybridb are being used.

CONCLUSION

The findings of the study clearly indicate that micro (hybrid microelectronic) is
no longer synonymous with micro power. Hybrid microelectronic techniques were found
to be readily adaptable to high power circuit designs (>25 watts).
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SUBMINTATURIZATION OF TELEVISION CAMERAS THROUGH

HYBRID I.C. 'T0HNOLXJY

by: James H. Meacham

Westinghouse Electric Corporation
Defense and Electronic Systems Center

Baltimore, Maryland

The effective utilization of hybrid I.C. packaging in television
systems will be surveyed to clarify the steps which led to the creation
of a series of self-contained subminiature television cameras.

Over the past decade, television techmology has achieved signifi-
cant advances in performance capability through new sensor developments,
as well as improvements in physical format through solid state techniques.
However, television systems, like the majority of other hardwztre areas,
have not kept in stride with the rapidly emerging Nultichip Hybrid Pack-
age concepts. in an attempt to rectify- thi-4 situation1, a seres of
subminiature tel.evision cameras have been developed which effectively
mate the state-of-the-art capabilitie6 in both sensor and hybrid 1.C.
t"uunquesi.

The creation of an MHF full-capability television camera followed
use of emerging hybrid IC fabricaUion techniques in miniaturizing the
digital circuits required in imaging systems. The EIA Sync Generator
shown in Figure 1, was initiated in 1957 and was the first production-
oriented unit designed for WV. It uses 22 monolithic digital chips
to provide full EVA mixed sync, mixed blank, and horizontal and vertical
drive outputs. It was used in a Compact Camera series and the Apollo

-ooT Camera., and it de-mnrannA high~ il.i4.-I the .8-1-- --- 4

of environmental testing for these uses.

The Sync MIE contains an all-digital sync generator, in which a
high-frequency clock is divided by 25 to provide twice the horizontal.
The logic available in the - 25 counters is used to generate the hor-
izontal blankilg, equalizing pulses, and serrations, The vertical
reference is generated by a .- 525 countdown. The logic available in
these counters generates the vertical drive and blanking and the ver-
tical sync intervals. Ydxei sync and blank output3 are formed by
summation. The unit can operate in the 525 mode (60Hz vertical Amer-
ican standard, or with one jumper, in the 625 (5(I Hz vertical) Euro-
pean standard.
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The 1-inch square sync MID' is a direct replacement for conmercially
available units typically one hw.dred times its size. Having success-
fully achieved the imlementation of the digital circuitry necessary Ln
a television system, the self-contailed SUBMIN-TV (Figure 2) was initiated
to make full utilization of 11' capability for both the digital and analog
functions required in a television camera. Some of the basic parameters
of the SUBMIN-TV are listed below,

Sensor J" Vidicon

Bea' Focus Electrostatic

Bean Deflection Magnetic

Size 1.5 x 1.5 x 5 in.

Weight 9.6 ounces

Input Voltage 12 -1 1 Vdc

Input Power 6.0 W at 12 V

Scan Format 525 line, 30 frame/sec switchable
to 625 line, 25 frame/see

Video Bandwidth 6 M1z

Video Format 1.4 V video into 75 ohms EIA RS 170

Operating Temperature -20 to -155°C

Maximum Resolution 450 TVL/RH

S/N at 4 fe Faceplate Ilium 36 dB

The implementation of aigital circtiits and use of new techniques
mak'-s the SUiBhI-TV electronics as unique as the packaging. As shown
in the block diagram (Figure 3). the uwt is divided 0lectrically and

physically, into functional blocks that provide isolation and logical
signal flow. Each of the 6 major blocks is contained in a 1--inch square
hybrid package.

The Preamp MHP uses an FET front end and a feedback configuration
to comensate for the target RC knee.

The Postamp Package amplifies and clamps the Preamp output and
processes it with ndied sync and mixed blank logic to forn the EIA RS
170 composite broadcast video format, which contain- full equalizing
and serration pulses.

The Sweep Package (Figure 4), is a five layer thick film unit and
uses a Miller run-up feedback configuration to generate the vertical
current sawtooth. The horizontal deflection sawtooth is generated by
an inductive flyback approach.

The SFP block contains the master oscillator, high volt..ge drive,
horizonital jid v itlcal 3v. ,rp p eniiprote, n athode blank driver
circuits. The HVPS drive circuits synchronize inverter switching tri-
sients with the horizontal interval to eliminate pick-up. Sweep fail
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detection circuits blank the soeisor cathode if a sweep failure occurs,

The hybrid fabrication techniques used in the or'hginal SUBMIN-TV
lend themselves directly to an off-the-shelf buil ng block type of
production. Small package size and simple interconmections allow
adaptations to nearly any configuration. This capability was used to
advantage iii the development of the WC-25 low cost television camera
(Figure 5), As shown in Figure 6, the camera uses four of the basic
SUJMIN-TV 1-inch square thick fili WI to provide the electroiiics
required. As indicated by the camera assembly, the four MIR" are
mounted thi-u connector strips and are thus field replaceable. n a
production orientation, the MIT arc tested in individual test fix-
tures, installed in a final camera for a total system checkout. and
then sealed and marked.

Again using the SUBMIN-TV technology as a building block, a
miniature low-light level camiera was developed using eight WiP uUito
to driv,2 a 16mm 143S image tube (EPSICON). The MINSIT 1V Camera
(Figure 7) is a completely self-contained unit aiid contains automatic
gain, light level, aperture correction, and iris drive control loops
in addition to a complete built-in-test capability. The cwnera's
basic paroxieters are listed tej ow.

Sensor 16mm SIT

lmage Focus Electrostatic

Deflection Magetic
and Focus

Siz 7P'.7 in. dia, 9.87 in. long

Input Power 10 W at 12 1 2 V

Scan Format 525 line, 30 frame/sec

AGC/AIV < 6dB change over 10,000:1
Range light range

Video Bandwidth 7.5 MHz

Resolution 625 TVL/RH to 10 - 3 fc
(Faceplate)

400 TVI/RH at 5 x 10 - 5 fc
(Faceplate

Video Output 1.4 V p-p EIA 16 370

The Minsit Anerture Corector MHP shown in Figure 8 is indicative
of tucal thick film units possible in a large volume or.Ientation. Prior
packages riave used resistor chips because of the greatec cost effective-
ness and substrate versatility for small quatity development units.

The three basic television camera units described a.e use. in a
vast array of applications which take particular advantage of tile size
and weight afforded by the use of NHP units. Typical'. applications
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include project instrumentation, weapon delivery, gimbal mounted
video tracking, drone reconmaissanco, oceanographic survcillance,
and mine rescue operations.

The successful utilization of hybrid technology in television
camera systems exenplifie +,1he edvantages inherent with this ap-
proach. Its application to other forms of hardware can be made
with similar results.
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RADIATION CHARACTERISTICS OF HARDENED DIGITAL IC FAMILY

R. M. Orudorff, K. R. Walker

Hughes Aircraft Company

Culver City, California

ABSTRAC r

This paper presents the radiation characterizatior in simulated

nuclear environments of pilot production units from a recently developed
hardened low-power Transistor-Transistor Logic (TTL) integrated circuit

family. The devices were developed by the Air Force Material Laboratory,

Wright-Patterson AFB, Ohio, and wete monolithic integrated circuits
designed for use in radiation environments. The technologies utilized

in development of these devices included dielectric isolation, thin
film nichrome resistors, minimum transistor geometry, photocurrent
compensation and resistor current limiting.

A total of ten device types were fabricated including six different
gate structures, three different bistable multivibrators and a mono-
stable mullivibrator. A total of 310 devices were received for this
parts characterization program. The devices were irradiated in five
separate radiation facilities which included a Cobalt-60 source, a low-

energy x-ray, a linear accelerator (LINAC), a flash x-ray and a nuclear

reactor. The device parameters that were monitored and reported include
saturation voltage, rise time, fall time, power drain, transient

response, burn-out and latch-up.

TEST PROGRAM

The devices characterized during the test program were low-power
radiation hardened TTL integrated circuit devices designated as the

RSN 54L series. They were pin-for-pin replacements for their unhardened
low-power counterparts in the SN 54L family. Table 1 tabulates the
device types characterized in the radiation environments.

In addition to the nine device types tabulated in Table 1, a
special radiation hardened flip-flop family was fabricated in accordance
with circuit design specifications provided by Hughes Aircraft Company,
These special devices were designated as HIC 117A, HIC 117B, HIC 117C

and 111C 117D and were a modified circuit design of the RSN 54L 71 RS
Flip-Flop device. The Hughes specifications for these modified devices
were calculated to significantly improve the radiation error threshold
of the RS Flip-Flop when irradiated in a highly ionizing environment.
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TABLE i. RSN 54L FAMILY SERIES

I. RSN 54L 00 Quad-2 lIput Gate
2. RSN 54L 10 Triple-3 Input Gal
3. RSN 54L 20 Dual-4 Input Gate
4. RSN 54L 57 kAd-Or-Invert Gate
5. RSN 54L 71 RS Flip-Flop
6. RSN 54L 74 Dual D Edge Triggered Flip-Flop
7. RSN 54L 122 Monostable Multivibrator
8. RSN 54L 130 l)ual-3 Input Gate
S. RSN 54L 131 Dual-3 Input Gate with Extender

All of the above devices utilized design techniques for improved
survivability ivi a hostile nuclear radiation environment. Dielectric
isolation was used to preclude the possibility of radiation induced
latch-up and to minimize photocurrents. Minimum transistor geometry
was used to minimize photocutirents and minimize neutron induced degrada-
tion. Thin film nichrome resistors and photocurrent compensation were
used to minimize the transient photocurrent responses. Resistor limit-
ing was used in all leads connected to the power distribution bus to
minimize LhC possibility of burn.out. The hardened integrated circuits
were irradiated at the tivu radiation facilities listed in Table 2.

TABLE 2. RADIATION TEST FACILITIES

Facility Location Range of Irradiation Levels

C-o haIt - 60 Hughes I10 4 to 2 x i0o rad(Si)

Steady X-Ray Hughes 1 x 103 to 1 x 107 rad(Si)

Linac Hughes 1 x 10 - 1 x 1010 rad(Si)/s

Flash X-Ray HERMES II 1 x 10 - 5 x 10 rad(Si)/s

Nuclear Reactor WSFBR I x 10 1 3 - 1 x 015 n/cm2

'EST RESULTS

A close examination of the baS current data before and after each
irradiation series for each device reveals less than 5% difference
between the BEFORE and AFTER readings for most devjccq, This i
approximately the error range for visual reading of the bias current
meters. Thus, the general conclusion is made that tlhe changc in bias
current for all of the devices was negligible for the radiation tet
levels at all five radiation facilities.

Transfer c aracteristics were monitored for devices in the Cobalt-

60 tests, x-ray tests and in the LINAC tests. The transfer chauacteris-
tics before and after irradiation were plotted. No appreciable changes
ii, the transfer cliaracterist'cs were evident even when the devices were
irradiated to the maximum levels in the permanent effects degradation
tests.
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The saturation voltagc was neasured on every device tested in each
environmcnt at five values of load curie'nt ranging from unit load to

4X overload. The tst data shows an increase of only a few millivolts
at full load for all devices except those irradiat3d at the nuclear
reactor. Those devices showed acceptable levels of degradation up to

neutron irradiations approximating 2 x 1014 n/crr2 .

The rise-tine, fall-time data is important since it indicates a
decrease in maximum operating speed with increasing radiation dose. The
test results showed that in all cases the device fall-time was not
significantly affected at any levels of irradiation. The device rise-

times, however, were significantly increased in all environments.

The devices irradiated in the Cobalt-60 exhibited a fairly linear
increase in rise-timc reaching approximately a 50% increase at
3 x 107 rad(S'). The devices irradiated in the steady-state x-ray also

exhibited a fairly linear increase in rise-time ceaching approximately a
507. increase at I x 106 rad(Si). The devices irradiated in the linear
accelerator cxhibited an exponential increase in rise-time reaching 50%
at approximately 3 x 106 rad(Si). The devices irradiated at the super
flash x-ray exhibited a 50% increase in rise-time over a dose range of
I x 104 to I x 105 rad(Si). The devices irradiated in tihe neu t ron
environment exhibited an exponential increase in rise-time reaching 100%

increase as indicated in Table 3.

'FABLE 3. NEUTRON FLUENCE INDUCING 100% RISE-TIME INCREASE

Device n/cm2  Device n/cm 2

Quad-2 Input Cate 2E14 Monostable MV 1E14

And-Or-Invert Gate 2E14 Dual D Flip-Flop 8E13

HS Flip-Flop 1E14 Triple-3 Input Gate 6EL13

Dual-3 Input Gate IE14 Dual-3 Gate Ext. 2E13

A total of 65 devices wore ir-rdi.td in the lincar accelerator
test program at dose rates up to 3 x 1010 rad(Si)/s. A total of 60
devices wure irradiated in the flash x-ray test pe ogram at d.se r..s
tp to 5 x l0l rad(Si)/s. Each device was exercised after every
irradiation pulse and monitored for evidence of latch-up or burn-out.
No evidence of latch-up or burn-out was seen during either the linear
accelerator testing or the flash x-ray testing.

Table 4 lists the range of transient error threshold for each
device type. Error thresholds for Table 4 are defined as the dose rate
level causing an output voltage transient to drop below 3.0 volts when
the output is in the logical ONE state or to raise above 0.8 volts when
the output is in the logical ZERO state. This data was measured at the
linear accelerator with the devices maintained in a steady DC condition.

205



TABLE 4. RANGE: 01' TiRANSIENT ERROR TIIRESIOLDS

Device lThrCshold Dev ice Threshold
rad(S )/s I rad(Si)/s

Dual D FI' IF0 - 3E10 Dual-3 2L9 - 3110

ttlC 117D 3E9 1EIO Dual-3 Ext. 2E9 - 1ElO

It1C 117C 7E9 21' 10 l)ual-4 5E8 - 719

111C 117B 5E9 - 2E10 R S FF 5E8 - 41:9

Triple-3 51'9 - 2E10 Quad-2 1E8 - 7E9

A01 31H'9 - 6E9 MV 1l7 - 5F7

Table 5 shows the results for the flash x-ray testing to determine
the static phase shift error threshold. This error threslold is defined
as the radiation level required to induce an erroneous change of state
in a ,ultivibrat.or circuit. Thcc are static tests which means that
the kultivibrators were not being clocked or triggered during the
irradiation pulse. N attempt was made to clock or trigger these
circuits concurcrt %,ith the flaahr x-ray pulsc since a satisfactory
synchronization pul:e could not be established with the Hetrmes 11
machine. 1he Monostable Mul'_ivibrator device has the most sensitive
static error threshold of 4 x l0 S r;d(Si)/s. The table shows the
progressive hardness of the device types culminating in the lItC 11 ?D
which has a hardnesqs ]eve I nhove the capiit of thc -- rii n6 h Fic.

TABLE 5. MULTIVIBRA'IOR STATIC PHASE SHIFT ERROR TIRESItOLDS

Static Phase Shift
Device I)esignation Error Threshold

rad(Si)/s

Hardened FF HILC 1171) 5E11

Hardened F I]C 11 7C 5E1

....... C .. 1C l1 1 7ii i1, i L

Hardened FF If IC 117A 41:10

Dual 1) FF RSN 5q1, 74 41.10

RS Fl" RSN 541. 71 1110

Monostable DIV RSN 541, 122 4E8

Table 6 shows the results from the linear accelerator testing to
determ ine dynamic phase shift error threshol ids. The dynamic . rror
threshold is defined as tire radiation level requiied to induce an
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TABLE 6. MULTIVIBRATOR DYNAMIC PHASE SHIFT ERROR THRESHOLDS

Maximum Dynamic Phase Shift Error
Device lypc Operating Threshold rad(Si)/s

Speed 100 ns 200 ns 400 ns
(MUZ) pulse pulse pulse

Hard Flip-Flop 0.4 * * 2E10

[JIG 117D

[lard Flip-Flop 0.7 * * 8E9
HIC 117C

lard Flip-Flop 1.0 5El0 IEIO 2E9
[lC 1l7B

Duel D Flip-Fiop 5.0 1IO N/A N/A
RSN 54L 74

RS Flip-Flop 2.0 5E9 N/A N/A
RSN 54L 71

[lard Flip-Flop 2.0 2E9 7ES 6E8
tIC 117A

D Dynamic error threshold greater than linear accelerator maximum
capabilicy of 5E10 rad(Si)/s.

erroneous changc of state in the multivibrator circuit when that circuit
is being clocked or triggerad. Thes, are dynamic tests, which means that
the clock or trigger signal which exercises the multivibrator circuit
is synchronized with the linear accelerator radiation pulse.

The dynamic phase shift error threshold tests showed four important
results. First, they showed that all of the multivibrator circuits
tested were more susceptible to radiation induced phase shift whet' the
circuit output was in the process of changing states as a result of an
applied clock pulse or trigger. Thus, the Dual D Flip-Flop was most
sensitive immediately following the leading edge of the trigger signal
while the RS Flip-Flop family was mot scnsitive itriediatciy following
the trailing edge of the clock pulse signal.

Second, these tests also showed that the circuits become more
susceptible to radiation induced phase shift errors as the multivibrator
devices are clocked at speeds approaching their maximum capability.
This occurs since a multivibrator circuit being clocked at near its
maximum operating capability does not have sufficient time for the
internal reactive components (including distributed capacitance) to
settle to their quiescent voltage levels, thus providing maximum noise
rejection.

Third, these tests also show how the [[IC 117 family of circuits
become more susceptible to radiation induced dynamic error thresholds
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ais tlic durat ion of t I itiad! at ion pulse i s I tc ieasc d. TIhis occurs sinice
the harde'n lg capac iLancci tI i'-Se c ircu its bee mcis di seharged at
lower iradiatioii levelb as the pulise duration beccomezi lone.

An finally, thecsc test-, show the ioizat ion harducss achicved by
the I11C 117 fawi 'y siles of' c irciits. This data shows the iciease
n dynamti.c en or thireshold achieved as lat gcr capaci Lance valucs sic

added to fihe basic hardened flip)-f lop circuit. These fipures aLso Show
how thc addi tijonl] apac i anice dccreaseS thw miaximum11 opeCra Li g speud,
and how radiition pulie width at tects radiation hardness.

10 ~~ HIC 2flC 2011--______

HI IC 217 l

WIC 217D

o) 1C1() ---- H~IL: 2 C

0

cc log 0 1

a -

Lc" T ~ ,.v

I0 RO1V C I 1 10 01 . C C 1

o ~LOAD

jo 7  10....L..L......LI.LL 7..L..L.J Lo ut I I Jillh I _I U
0.0 00 0.01 ).2 1. Lo0

CLOC PUO SPLD (M~l)CLOCK PULSE SPLED (Mt-ti)

F -"j -,! - I .Figure 2.

1111Comoie 111C 117 Composite,I
100 N.S Pulse Wi dth, 400 N.S Pulse Width,

Dynamic Error 'Ph resl1d , Dynamic Ft ror 'lhrcs111,
Lllac 1L jll9c

208



UN IYLW3AL1 DIG ITAL INTJMRAT1 h CIFCUIT t

M. . GraN and 1). G. Skogruc'

Sandia Jjibor7atorios, Mlbuquer4uo, New Meuxico

APOSThACT

The Universa-l Digital InLteg~rated Circuit (Uuie) is a radiation-

tolernt , Dwn-leaded desieni capnble of forming with approp-riate
externial pinl interconnections anly 01i' of four digitul circuits.

iNTRiODUCT tON1

Thre Universal Digital 1itegrated Circuit (u)LIC) is a radiation-
toleranit desjign offeringy four digital functions cii a siigle xuoiii
chlii. With appropriate external pin interconinections, and tire addition
of tiing and/cr inpuut. trigg-erinig capacitkors. 1.- the UPC is Lcauablrr Of

fuctioningl, Ca:- (1) Dala Nraind Gale .*; Liiqalot AAiJ,'Lr

leddfr(Tts3) Free-Run Mlt ivibrr.tor or (bi) P'ulse-Triggered Binary. The UJIlC

requires thttwo radiationi hardening tecluIuiques be eumbinca inito, beun-

FUNCTIO NAL DESCUiPT ION

Sinn theschematic ot' the IJ~lf, s,-hown till Figure 1, is; syimmtricuat,
tire following, discuss ioni will be, limiited to one side. Uarlingltonl-
colLIQcLIed tranlsistors inl both the puill -up (QI1-Q2) and pull-down(3-)
are usdto insure proper opecration. after exposureo to severeQ liuur:on
enivironments. Whenl Q3 anti 0I are "on ," theirScot-lape
cojllectIors hold Ql and Q?' "off." With ani inputl less thani three diode
dro1 a on anly of the diodes CM7 through C16 0, Q3 and 04 wiltL be "Off"
8nd QI anid QJ- will be "oil" ii' ontput curre. .t is required. Traisistor
01)? with the additionl of an external, capacitor prov ides a means of ac
Pulse? triggering to turn off the Q3 and Q0 pull-downl Combination.

The us: oif nonlsatarating log!ic mintimizes both absolute j'Fopag ationl
del-ay anid propagation delay variation with radiation. Thle usc 01' the
Schrottky-clamped transis.tors5 achlieves, this noirsaturating" logic 'witht a
minimium. urumbar of diode voltage d-rops-: arid, heonce, minimuizes the( , *pply

*T his work was supported by the U. S. Atomic Energy Commaission.
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voltage requiretreits for a given plortraaiatioar tranisistor beta. Tire
electrical designt i.3 such that the powe, dissilation in all functional
hooku ps is com)atiblc with the use of the circuit as al unachutsed b wu-
leaded device. Typical electrical churteristics for vurious hookuls
are given in Table 1.

As shown il Figure 2, the UDIC is capable of turming dua-l four-
input Nand Gates witr, cxpaldable inlut option. The conventionzil
operation of a gate wherc the inpuL variables appear on diodes CR7
through CRIC arjd the output is taken off the collector of Q3 is
straightforward aid will not be considered here. As required by the
gate function, diodej CR3 and CR5 are base-emitter diodes since their
high cap)acitance ir required to quickly remove the stored churge
during the turn-off of the pull-downi. The fan-in diodes C!7 tlhrousi
CR10 are colJector-base typc, riine the higher breakdown volta4c is
required with the gate inpjut inl the logical o:re state. The uxrconuitted
base forcin6 resistors arue initended to minimize powci if only one gite
is required.

A Free-Purl ltivibrator (NV) call be formed with the UDIC and
two external timing calacitors, as shown in Figure 3. The circuit
operation is conveltional ili that OQ:2e capacitor is being recharged
hy the active pull-up while the other capacitor is timing into the
base of the oplosite pull-down. The diode C133 ir series with the base
ol the pull-down prevents base enitter breakdowir ir cither Q3 or Qir
and, more importatitly, it prevents the batse-cmitter byi,'.ss re-istors
from influencing the timing equation. A Schottky diode CR1 is inserted
in series with the amtive null iln, '"-ulc" tsurrove t.iml equutio
dependere on the logical zero-voltage level which would otierwise
exist. The half period tiing equation is givn by

T = ECriU2.
34

Figure 4 siiows the TIC version of a Migle-Shot Nultivibrator
(SISMV). This function requires the addition of an extrnalJ trigger
calpacitor and anr external timing capaitor. When p)ower is alp}licd
to the circuit, Q3 and Qi; will be turned "orr" due to the difference in
base-eluitter voltage drops between tire Q and Q side. Il tire Quiescent
state, the Q side is held off by tire cross-coupled Cli11 diode. During
the static state the Cm ftimin p , il- will be.. ciriged by tire
active pull-up. Prior to the initiation of th Single-Sthot, a p1ositive
going 'pulse on the trig6er line will have char, ed tire CIN input capaci--
tor by way of tire R, 13 path into tire Q side. The Sin le-Olhot wili
trigger oi the falling edge of the trigger ,ul;e, at which time tire
votiaee on CI1 will couple through (19 introducing a negative voltke
transient on the base of Q3 nd Q11. This negative base voltage causes
tire Q side to turn off', thus releasing tire cross-coupled diode CEUl
which cnables 2 to turn on. Tins dynDanic state exists ulil the timing-
capacitor CT hus tined out by rcachint. the base cut-in threshold of the
Q side. When this occurs, the SSMV returns to tile static state and
CT is recharged. The timing equation fur the UIIC Singlc-Slot is tire
sante as previously given for the Free-Rurr ultivibratur. Tire
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rezsisto" Ih 13 is lcccj~ary to limit the currenit 1'run the trie.ger
source, whjich must be sutih by Q3. Re~istcr hi limuits the currenft
Which must tic sunk by Q3. Resistoi- R lb4 Iijuits thc current Which Hmust
bec sunik byv tile trigger soucce after trigger application.

The Pulse Triggered :3int. (i'VB) fuliction of the UDiC is showni
inl Fgi ruo 5. A ])irct 'let (51)) ox- D~jirect Clear (CLI) can be obtained
by applying a Jlgical zero to tile faii-In diodes onl cither side. Th c
two sides of the IIE13 arc dc crosi-coupled such that, one, o;' the other is
onl Tilte information 0j, the 'lot (!,) and ov tire Cleur (C) steerinig
lines must be complemerrts oX' orie another. For the purpose of explwia-
tioll we :;hIall assume that thc Q s;ide and 0 line are at a logical. Zero.
To chn~ngc states, a posiitive' clook pulse m~ust be appjlied to ehlarg" ClN
by way of B 13 and the lotgical :Lero on '0. 'kTe truilint, edge of the-
clock pulse wililtriger thL P113 exactly a-- 11as beeni described for tile
S)-3MV. But this time thle transition is- into u utable Otate, due to
the d,: crvoos coupling, inut cad of a dynamic onle as inl the ca'c of thle
sillglc- Iot .

A photograplh of a p'.-otOtjpc UDIC czhip is shown in FigurQ

The 1101C, pretsent~ly un(Iter de-velopment, utilizes six tchnrl~oUgiC:
(1) rad lation tolcrunit diffusion processes , (2) dielectric is;olation,'
(3) oi1 icon cilroile thlin filml resistors (10 ) ewis-lead Construction,
(1)) "'chrottIkv transistors, and (6) mw-05 capacitors,. To our kniowledge,
thek UPIC is tine first ml ,cratved circuit to combine all the above
te cliol o, ies. All active device-s inl thec UIlC ar-c inrdividualLyj isolated
to minlimliZe- peCrturbation anid to "limi-ate burniout Ccae Ivy e xpjesurev to
n hlith intcnsoity t.;ieiat envirounrenit Onl each~ chill Ure located tw'o
diznrostic ta isrs(Q11 , Q)to bc used for pre-irradiationl
Gecening6 of tile UIC.

DATA

At thhi, writing,- a prc1.t;iliary evalu1-ation, or tire Ulic' a respolnse to
nutronl radiation hais been oo;;plcted. Fi6Lurc 7 is a plot 0f -l. vs.
necutroni f-lux for tile diagno Aio transistors. ii uzc 8 anti 9 pre"Senlt
a typlid4 rep s o2 t gatk- CirCulit as a. whlole to neutron flux. 111
gecraLang the data for Figure 9 , a valuo o,' 0.5 volts for mairUllitifl "Cli
Voltage( was arbiti-arily zselected t,) ~ crci failure. By
tradline nloiSe irnilUruitY, this valIue COUld be inlcreased iedn an evenl
hligherl radiation toleiaicu.

A more exhustive evaluation of the UDIC is under way - Data froirn
thrj; evaluationl AlOWilne the behvior0 0' thle UPiC inl Vr'iouls l'Unetil
oonfiiguraitji irs under radiut ion w ill be presenited t.t thecnirne
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RADIATION TOLERANT GATED VIDEO AMPLlER*

R. M. Gray and T. D. Petty

Saadia Laboratories, Albuquerque, New Mexico

ABSTRACT

The circuit described is a radiation tolerait, gated, differen-
tial video amplifier. The amplifier is an all PNP design realized
in monolithic integrated circuit form, featuring dielectric isolation,
thin film resistors, and gold beam leads.

INTRODUCTION

This paper describes a video amplifier, designated the SA1958,
which is designed to give reliable performance after an exposure to
a severe neutron and gamma environment. The SA1958 is versatile in
that it is a differential amplifier capable of cascade limiting and
of being gated by current sinking logic.

in addition to describing the amplifier, this paper discusses
the transient neutron and gamma hardening employed in the design,
Conventional radiation hardening processes of dielectric isolation
and thin film resistors are utilized. Ddta are presented to demon-
strate the amplifier performance after neutron irradiation and over
temperature. To the knowledge of the authors, the SA1958 represents
the first radiation tolerant linear integrated circuit to be realized
with gold beam leads,

SYSTEM REQUIHEMENTS

The system requirement was for three separate circuit f ,unctions
(m) a differential input-output video amplifier, (2) a hard limiter,
and (3) a gated amplifier. In addition to operating over the full
military temperature range, the circuit functions were required to
operate shortly after an exposure to a severe radiation environment.
All integrated circuits in the system were required to be gold beam

leaded due to package density requirements and improvement in reliable
component attacunent within the hybrid microcircuit . Because of the
inherent characteristics of the differential pair configuration, it
was feasible to design a single amplifier, the SA1958, to perform all
three circuit func:tions required by the system.

*Thlis work was supported by the U. S. Atomic Energy Conrssion.
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CIRCUIT DEfICRIPTION

To operate the circuit as an wuilifier, the terminal pins are
colnectd as shown by the daished lines in the amplifier schematic in
Figure 1. The differential input stage consists of matched Darlington
connected pairs (Q5-QG) and (Q7-Q8). The maximum gain of the aplifier
is ideally determined by the ratio of the load resistor R2 to the
effective emtter resistor, which is 1112 + 2r,6. When al exposure to
a neutron environment results in severe beta degradation, the Darling-
ton input connection is necessary to (1) maintain an adequate input
impedance suitable for cascade operation, (2) minimize the degradation
of amplifier voltage gain, and (3) decrease the effect of reduced
current gain on the limit level.

hitter followers consisting of the pairs ((I-Q2) anid (Q3-Qb) are
used to buffer the output in order to enable the amplificr to drive
its worst case cascaded input impedance. Again the Darlington connec-
tion is required to insure a low output imapedance and to keep load
variation from influencing the gain of the amplifier.

Current used to bins the output stage is summed by IO and lU5
and reused to provide bias for a stable voltage source consisting of
a zero TC reference diode CRI8 and resistors R25 and V26. Tile systell
requirement for a limiter necessitated a constant current source
design which was independent of power supply voltage. The values of
R25 and R26 are such that the effect of the Darlington base current
required by Q1I and Q12 is negligible preradiation to postradiation.
Base emitter diodes CfRl9 A ad CR20 are intended to track the base-
emitter drops of Qll and Q?.' over all environments. Therefore, the
portion of the reference diode voltage which appears across E25 by
voltage divider action will also appear across R21 and set the eitter
current of the QlI-Q12 Darlington pair. This eittelr cul'rc;lt is
approximately equal to the collector current, which is the bias
current for the amplifier.

A voltage sunsitive current switch (Q--QIO) appears in series
between the corstant current source and the amplifier. If the gate
diode CRx15 is at the logical zero level, then the current of the
constant current source is switched from the amplifier through CR15

nto a-n external current inking logic gate. Without bias current,
the amplifier is shut off* and tile qaiescent output level falls to
nIelu' the negative supply voltage. Tie Darlington configur tC-ien is
employed for tile current switch to avoid a decrease in the bias current
of the amplifier after irradiation. In order to realize the gated
function, the design seemed to favor ani all PN' circuit in terms of
power and simplicity.

The SA1958 design is capable of cascaded limiting in that the
input terminals of the amplifier can accept and a plify the full output
of a similar device without zero crossing distortion in the output
waveform. In the limiter application, the constant, currelt is switched
between the input pairs (Q5-QG) and (QT-QS) by the input signal. The
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design is such that with a differcntial input signal equal to the
maximu-n output swing the amplifier does not saturate and thus
results in a good high frequency limiter.

The electrical characteristics of the £AM98 are showni in Figure
2. For tile designed application, the amplifier was ao coupled at
both its input anid output terminals. The upper frequency response
can be controlled by placing a capacitor between the collectors of
Q6 and Q7. fly controlling the high frequency response at tire load
resistors (R2 and }h6), stable performance is assured preradiation to
postradiation. The low frequency response, determined by the input
coupling capacitors and the input iapedance (ZIN), will vary under
radiation conditions since ZIN changes. With the gain select termi-
nals open, the amplifier has a voltage gain of 10 d13; with the
terminals shorted it has a gain of 20 dB. Any gain between 10 dB

nd 20 dB can be obtained by connecting the appropriate resistor
between these two pins.

By applying a digital waveform to the gate of the amplifier
hookup shown in Figure 1, an input waveform can be sampled. More
complex gated functions can easily be formed with the SA958 since
the bias and load terminals both are left uncommitted. For example,
with the interconnects shown in Figure 3 two or more inpuL channels
can be multiplexed together.

The extensive use of' Darlington pairs along with the inherent
nature of tle differential aplifier configuration insure operation
after exposure to a neutron environment where the individual tran-
sistor current gain, beta, has dcgradcd to five. liecuvery from gamaa
transient generated photocurrents is aided by the use of co- pensation
diodes shown by the dark heavy lines in Figlu'e 1. Ideally, all the
photocurrent generated in the collector base Junction of each respec-
tive transistor would equal the photocurrent generated in the
compensating diode. This compensation technique prevents excess
current from flowing into the base terminal which when multiplied by
beta could cause device saturation.

1NTEGIiATED ClRCUIT TECHNOL(OY

For any integrated circuit that is to withstand severe gaminia
radiation, the use of tfie dielect ric isolation p'ces- is required. ln
the SA1958, dielectric isolation of all active devices is utilized to
eliminate the possibility of pnctocurrent induced latch-up or burnout
which might otherwise result if Junction isolation were employed. Due
to photocurrcnt generation in diffused resistors, tire 241958 utilizes
niclrome thin film resistors in those positions where cu-rent limiting
is necessary to prevent device burnout during a transient gamma
exposure.

In addition to the hardlening which is apparent on the schematic,
the neutron tolerance is greatly increaced by using a thin base
transistor geometry. The amplifier per,'ormance variation is minimized
from preradiation to postradiation conditions by gold doping the
transistors.
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The development of the SA1958 circuit demonstrated that dielectric
isolation, gold doped PNP transistors, passivated thin film resistors,
and gold bewn leads can be used simultaneously to produce radiation
tolerant amplificrs for hybrid circuitf, *

CIRCUIT PERFCPMANCE

The circuit parameters, input impedance and voltage gain demon-
strate the postradiation performance of the SA1958. Expressions which
describe these parameters as a function of 6 are given by equations (1)

and (2).

[2( + 1)(B + re) R28 (1)

AV + (2)

where D  a 56 , the Darlington effective current gain and

reD 2re6 = 2kT , the Darlington effective small signal emitter
e6 7 resistance.

As shown in the above expLt ssions, ZIN and AV decrease directly
as a function of R degradation. Measured data for ZIN and Av as a
function of neutron exposure are shown in Figures 4 and 5. These AV

data represent the worst case degradation since RS, the source
resistance, was at the maximum expected value. The largest source
resistance occurs when the amplifiers are cascaded. RS is then the
output impedance of the preceding stage which increases as a function
of radiation.

In the specified operating temperature range, the circuit
performs well within the ±1 dB voltage gain tolerance. These results
arc depicted for a typical device in Figure 6. AV denreases with
increasing temperature primarily because of the temperature dependence
of reD. Since the amplifier which generated these curves was operated
in the 20 dB gain mode, the cu-ves represent the maximum temperature
sensitivity of the voltage gain. When the amplifier is cperated in
the 10 dB gain mode, the larger resistor in series with re6 reduces
the overall temperature sensitivity.

ACKNOWLEDGEMERNT

The process development required to fabricate the SA1958 amplifier
was performed by Motorola.
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CIULRACTERISTIC MIN. TYP. MAX. UNIT

Amplifier Voltage k+ and -) 1.0 11 V dc

Max. Inpjut Voltage (Diferentia.) 6 V pp

Output Voltage Swing (Differential)
(RL = 2k) 6 V pp

Voltage Gain (Differential) -19.5- 21 dB

Voltage Gain Variation with Temp. ±l dB

Bandwidth 15 MC

Input Impedance 51 10 k Ohms

Output Impedance 50 Ohms

l4put Voltage (Quiescent) -2.5 V d~c

Output Voltage (Quiescent) -4.3 V dc

Power Dissipation (Single Amplifier) 160 MW

Rise Time 20 no
.0 n.,
Chatnel. - Select Time

(Gate to Output) 25 ns

Operating Temperature Range -25 25 125 0C
Common Mode Rejection Ratio

(f = 2 Mc) 5O dB
Input Bias Current 3 pA

Input Offset Voltage 2 Mv

Gate Current Low I 2
V o l t a g r-- ... . .. m a

* Postradiation Parameters

Figure 2. Elertrical Characteristics
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RADIATION RESISTANCE OF COS/MOS
CIRCUITS MADE WITH Al203:SiO2 GATE DIELECTRICS

R. Feryszka and I. H. Kalish
RCA - SSTC - Somerville, N. J.

COS/MOS Logic Circuitry with its low power requirements,
high noise immunity and high reliability is of spec.al
interest In satellite electronics. This is even mor"
true if COS/MOS circuitry can be made immune to extren.ely
hostile radiation environments.

A major effort at RCA was devoted to obtain this goal (1)
(2) (3) (4) (5) (6). Standard COS/MOS devices under 10V
bias Irradiation tests show degradation at doses approxi-
mating 104 rads (Si)(3). The observed Ehift in threshold
voltage and degradation of device characteristics is the
result of two effects: (a) the build-up of a positive
space charge in the oxide due to capture of holes in pre-
existing traps in oxide near the oxide-silicon interface,
and (b) the filling of interface states that were generated
by the impinging radiation (5). But with the RCA developed
technique for achieving a high quality oxide-silicon inter-
face for the COS/MOS process, effect (a) dominates. To
prevent the build-tip of states at silicon-oxide interface,
a modification of the oxide layer is required. The
following approaches were investigated to obtain improved
radiation resistance:

a) Doping the SiO2 layer with chromium (7)
b) Replacing the S102 layer with Si3N4 (6)
c) Using a composite gate structure

P2 05  (SiO2) - SiO 2  (6)

d) Replacing the SiO2 layer with A1203  (6) (8)

- The first approach is not applicable for
COS/140S devices since irradiation with
positive bias causes large threshold shifts

-JSjN4 dircctly o 6ilicon suffers from
severe interface instability problems (6)(6)
and as of today these devices are not useful.

P205 (Si02 )-SiO 2 layers are used to reduce bias

temperature instabilities but their radiation
hardness is rather low e.g. at 4 x 104 rads (Si)and +l0V bias the threshold shift is Vt- -2V .6)

*Work performed in part under the sponsorship of the
NASA M.S.F.C. (NAS8-26311)
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An all Al)O 3 gate dielectric shows the highest degree of
hardness to ionizing radiation potentially reaching into
several megarad range (8). But to achieve reproducibility
in megarad hardness, several problem areas have to be
considered.

Included are:

a) Soft souce-drain breakdown and source-drain
leakage.

b) Gate-leakage

Work in these areas has been very encouraging, (9) but
an interim solution a sandwich structure Si0 2 -A1203 was
investigated. Radiation-resistant COS/MOS devices
operating in an environment having a gamma exposure of
109 rads (St) with a bias of ±1OV were accomplished.
This investigation of SiO2-A].20 3 sandwich dielectrics
was pursued with:

a) Phase One: A1203 - SiO2 - Si studies.

A technique for growing reproducible, thin silicon
silicon dioxide layers in the range of 150A to
5 ... was i..t....ntod using the C-V technique,
the optimized structure was developed and tested.

b) Phase Two: CD-4007 Device Fabrication and Testing

Based on the results of the first phase, the
optimized gate sandwich structure was selected
and CD-4007 devices were fabricated and computer
tested. Immediately after irradiation the devices
were again computer tested and the test results
were analyzed.

S. - SiO2 - A12 0 3 Capacitors

Oxides were grown and annealed under standard RCA conditions
but with growth times reduced. The thickness oi the thin
Si0 2 layers was measured by ellipsometry. The average Si02thickness was 170, 310 and 490A respectively with an
accuracy +IOA. The wafers were each etched immediately
before A12 0 3 deposition. Aluminum oxide layers were
obtained by hydrolysis of aluminum chloride (AIC13 ).
Aluminum was used for metalization of the capacitors.
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The C-V curves were recorded before and immediately after
each irradiation dose. Selected samples weze biased for
times equal to irradiation time, but without exposure to
irradiation. This was performed to confirm that the shifts
in the C-V curves were due to irradiation. Radiation
testing was performed at the Cobalt 60 facilities of the
Industrial Reactor Laboratories in Plainsboro, New Jersey.
The dose rate at the site of the devices was measured with
calibrated air ionization chambers. The time of exposure
of the devices was monitored and the accumulated dose wa
calculated by using the known dose rate. The flat band
voltage of the MIS capacitors obtained from the C-V plot
was in good agreement with the calculated value (11).
Table I shows test results.

Based on these results, gate structures of samples 32 and
35, 170A or 310A of Si0 2 and 450A of A1203 constituted the
basis for the device fabrication investigations of phase-
two.

The RCA CD4007 was selected as a radiation-hardening test
vehicle. This integrated circuit is composed of three
n-channel and three p-channel enhancement-type MOS tran-
sistors on a single monolithic chip. The transistor
elements are accessible through the p:nckage termtnuls,
providing a convenient means to construct such logic
circuits as inverters, three-input NOR gate, three-input
NAND gate, etc. This broad range of applications, and
availability of multiple independent pairs of transistors,
which enable simultaneous irradiations under different
biases (e.g., 0 volts and 10 volts for n-channel and -10
volts and 0 volts for p-channel), were the main reasons
for its selection as the test vehicle. Figure I is a
schematic diagram of the CD4007. Figure 2 shows a topo-
logical view of a completed CD4007 integrated circuit.

The gate structure composed of 170A of SJO 2 and 500' of
Al203 showed no reasonable yield in meeting the CD4007
specification and it was discarded. Two lots #6 and #7
having 310A of Si0 2 on 500A of A120 3 were processed and
irradiation tested. The initial n-channel VTN was + 1.1
to + 1.6V and p-channel threshold Vq'p was -. 8 to -1.25V.
All devices met standard product specification require-
ments for leakage and breakdown.
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Table 11 summarizes the effectiveness of the A120 3/SiO2
dielectric structure in enhancing the radiation resistance
of COS/MOS devices. As anticipated, the smallest shifts
occurred under zero bias and the greatest shifts occurred
under the highest bias. All shifts on the p-channel unit
were in the enhancement (turn-off) direction. The
n-channel units moved in tie depletion (turn-on) direction
at zero and ten voits but shifted in the enhancement
direction at five volts. The data represent an improve-
ment in the radiation tolerance ofCOS!M/WS devices of almost
two orders of magnitude.

I
I
I1

22



REFERENCES

1) K. H. Zaininger and A. G. Hoimes-Siedle, "A Survey of
Radiation Effects in Metal-Insulator-Semiconductor
Devices", RCA Review, Vol. 28, No. 2., pp 208-240
June 1967.

2) W. F. Dennehy, A. G. Holmes-Siedle, and
K. H, Zaininizer "Digital Logic for Radiation
Environments: A Comparison of Metal-Oxide-Semicon-
ductor and Bipolar Technologies "RCA Review Vol. 30
No. 4 pp 668-708 December 1969

3) A. G. Holmes-Siedle and K. H. Zaininger "The Physics
of Failure of MIS Devices Under Radiation", IEEE Trans.
on Reliability, Vol. R17, No. 1 pp 34-44 March 1968

4) W. Poch and A. G. IHolmes-Siedle "Permanent Radiation
Effects in Complementary-Symmetry MOS Integrated
Circuits" presented at the IEEE Annual Conference on
Nuclear and Space Radiation Effects, University Park,
Pa., July 8-11, 1969.

5) K. H. Zaininger, et al., "Stability and Radiation
Effects in Complementary MOS Transistors" Technical
Report AFAL-TR-69-185, August 1969.

6) K. H. Zaininger, et al., "Stability and Radiation
Effects in Chromium Gate MOS FET's "GOMAC Proceedings
pp. 119-122, 1969.

7) R. A. Kjar, J. I . Peel and C. Y. Wrigley "Radiation
Effects in Chromium Gate MOS FET's "GOMAC Proceedings
pp. 119-122, 1969.

8) R. Feryszka and P. E. Norris "Radiation-Resistant
Metal-Tnsulator-Silicon Transistors" Final Report
NASA-25311 November 1971.

9) K. H. Zaininger Private Communications

10) K, H. Zaininger and F. P. Heiman: "The C-V Technique
as an Analytical Tool', Solid-State Technology,
Vol. 13, 5-6 May-June 1970

11) 1I. Kalter, F.F.II. Schatorje' and E. Kooi "Eleciric
Double layers in MIS Structures with Multilayered
Dielectrics", Philips Research Reports 26, 181-190,
1971.

230



lRRADIhTI($% TE51 IRESVA.1!; OF S0A~' I ~~

Thickness *L tbt ,. 17o Tar VA t] AIT0 'lt~ NSA M PLE ' rhc w~ eYat a V
2 A1 1203 Calculate - eILVFB

6 x 104 + 10 - 1.0

25 310 1084 - -:..4 1 x 105 + 10 - 1.6
2 x L0N + IC - 3.1

6 x10 + 10 - 1.2
28 490 445 -2.25 -2.8 1 x 105 + 10 - 1.9

__2 x 10
5  1 10 - 3.7

32 170 445 -,635 -1.7 1 x 105 + 10 - 0.3
=2 x 105 4 10 - 0.9

1 x 10 5  + 10 - 2.4
33 170 900 -1.65 -1.6 2 x 105 + 10 - 4.0

I01 - 10 + 2.2

I x IC
5  10 - 0.7

35 310 445 -1.34 -2..3 2 x 105 + 10 - 1.1
I x 10 5  -10 -1.1

I x 5  + 0 1.8
36 310 900 - -2.4 2 x 105 -4 10 3.8Ix 10

5  
- 10 0 .4

TABLE 11

Threshold Voltage Change VT
Dose (Rads (Si)

__Bias (volts) 5 x (V) ___ (V)

N-Type Channel 0 0 (-.1) (-.2) (- .1)

+5 + .1 + .15 + .25

+10 (-.13) (-.15)-(-.s) (-.3)

P-Type Channel 0 (-.25) (-.50) (-.7)

-5 (-.40) (-.75) (-1 .35)

-10 (-.35) (-.65) (-1.30)

SUMMARY O TEST RESULTS
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LOW FREQUENCY NOISE CHARACTERISTICS OF GaAs JFETs

FOR CRYOGENIC OPERATION

M. B. Colligan

McDonnell Douglas Astronautics Company
Huntington Beach, California 92647

ABSTRACT

Gallium arsenide Junction FETs were developed for use in low noise

audio frequency preamplifier circuits at cryogenic temperatures. The

effects of variations in geometry, processing techniques and material

parameters were investigated to reduce low frequency noise and maintain

high input impedance.

INTRODUCTION

This paper describes the design and performance of GaAs JFETs which

were developed for use as low noise audio frequency preamplifiers at

reduced temperatures. The GaAs JFET is well suited for this application

because, first, the JFE' has inherently low noise, limited basically by

the thermal noise of the conducting channel. Second, GaAs devices

perform well at temperatures down to th&t of liquid helium because of

the low ionization energies of commonly use! n-type impurities. The

input resistance, vhile g.ncrl lly not as luatg a5 an insulated gate

device, will be high enough for most cswlicationa.

DESIGN CONSIDERATIONS

The desig.± criterij. in this application are prfmsrily determined, by

the limit on powe" dissipation, nominally one milliwatt, and the neces-

sity of keeptng cne preamplifier Input capacitance sufficiently small.

The devices arc designed for use in a source follover configuration to

take advuntAge of impedance transformation and the reduction in input
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cspacitcnce. The input capacitance is given by

Cin C gd + Cg (-Gv) + Cstray (i)

vhere Cgd and C are the gate-drain and gate-source capacit -,ces and v

is the circuit voltage gain. A convenient figure of merit in high

impedance circuitry is the product of the equivalent input noise voltage,

en, and the input capaicitance. The gate-source capacitance is given by
1

g 3 a.licLW FlV, Vo ) (2)
go 2 V o s

where L and W are the gate length and width, a is the channel height

and V is the pinch-off potential. The function F(Vgs, V ) is approxi-

mately 0.2 to 0.4 in the bias range of interest. A value of 0.3 is

used for ease in calculation, and it is assumed that Cgd is approxi-

mately a constant determined by packaging. With C proportional to2 2,3 gs
area and e2 inversely proportional to area P 3, the enC produt has a

wit renc oC. aigit inprdcha
broad minimum with reb)ect to Cgs . Taking into account material

properties, the restrictions on power and area lead to acceptable ranges

of devive geoutry, maximum current and pinch-off voltage resulting in

dcv.I.:e3 wJth rather &-all ehaiel width to length ratios. Calculations

were made for a ;iominal circuit voltage gain of 0.9. Typical values are

a transconductance of 500 umhos, operating current of 300 PA, C of 3we

to 5 pF and gate width to length ratios of 2 to 5. Figure 1 shows the

surface configuration of one of these devices.

DEVICE FABRICATION

The devices were fabricated from vapor epitaxy material of 1 um

nominal thickness on compensated chromium doped semi- nsulatfing sub-
16 3strates. Carrier concentration3 are in the range of I to 6 x 10 /cm

The gate is formed by zinc diffusion to a typical depth of 0.5 um. The

source and drain mtllizstion consists of alloyed gold-germanium.

EXPERIMENTAL RESULTS

Measurements were conducted to determine input impedance and to

isolate major physical sources of low frequency noise. A current-

voltage characteristic at liquid helium tenperature is shown in Figure 2.

Input capacitance of the preamplifier circuit alone with a voltage gain
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of 0.9 is typically 1.0 pF or less for test devices mounted in TO-18

packages. Input resistance larger than 1 x 1013 ohms has been measured

for temperatures near that of liquid helium, the low frequency equiva-

lent input noise voltage spectra generally consist of ar approximately

i/f region which turns into a flat region in the frequency range of 1 to

10 kHz. The flat region is presumed to be the plateau of a generation-

recombination (g-r) term of the form constant/Cl + w 2 2), having a value

typically two decades above the calculated thermal noise level. The

magnitude of the 1/f noise at liquid helium temperature has bcen

measured to be as low as 50 nV/HzI /2 at 300 Hz. Figure 3 illustrates

noise spectra measured at room temperature and at liquid nitrogen and

liquid helium temperatures.

Measurements were carried out to investigate the effects of varia-

tions in processing and material properties such as surface etching,

annealing, contact resibtance and substrate effects. Surface etching

reduces noise if there is an initial significant surface leakage current.

Excessive gate current which increases noise and degrades input

impedance can also result from diffusion spreading which may be aided by

etching. A major source of low frequency noise is found to be associated

with the region near the epitaxy-substrate interface. This is illus-

trated in Figure 4 which shows the effect of substrate to source bias on

the noise magnitude at 300 Hz and 10 kHz. The g-r noise as well as the

1/f noise appears to be associated with the interface/substrate since

carrier fluctuations within the channel usually will not be significant

at room temperature. At lower temperatures there may be a contribution

from partially ionized impurity levels.

it is concluded from this initial developnent program that GaAs

JFETs are useful as low noise, low frequency preamplifiers extending

down to very low temperatures, and are competitive with other devices

used in such applications. An additional feature of the JFET is that it

is relatively resistant to radiation. Further work is concerned with

better characterization of noise sources in relation to geometry and

material parameters.
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Fi';ure 1. Photograph of surface geomietry of' GaAs JFET with gate dimensaions

ot 3.5 x 8 mile.

Figure 2. Curient-voltage characteristics of' GaAs JFET at liquid helium
temperature. Horizontal scale, 1 vldfv.; verti(val scale, 100

vA/div.; 0.5 v/step.
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MONOLITHIC HIGH POWER MODULATOR

R. N, Guadagnolo

RCA/EA SD

8500 Balboa Blvd.

Van Nuys, California 91409

ABSTRACT

The application of silicon integrated circuits to high
voltage, high current drivers for GaAs Laser Diodes and
mbzrowavea phase shifters ha6 -&en iixvestiyated. An
-integrated Fc'ircui't Lhaving dielect-rically isolated circuits
capable of shaping and timing high sp.~ed pulses with an 80
volt swing and a peak current of 10 amperes was constructed.
This paper summarizes the design and results achieved with
the device.

INTRODUCTION

The majority of the modulators presently used for GaAs
Laser Diodes and fetrite Phase shifters are either of a
hybrid or discrete type. Under direction of the U.S. Army.
Electronics Command, a development program to apply inte-
grated circuit technology in the area of high voltage, high
current modulation was conducted. Figure I is a photograph
of the chip developed during this program. The goals of
this developmcnt effort and the results obtained arc
summarized in Table 1.
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TABLE I

TA6177 CHARACTERISTICS

OUTPUT ACTrUAL
CHARACTERISTICS OBJECTIJ, PERFORMANCE

Output Pulse 80 volts maximum 80-120+ vclts max.
Voltage:

Output Pulse 10 amperes max. 10 amperes
Current: (adjustable from (adjustable from

3 to 10 amperes) <1 to 10 amperes)
Output ?ulse Rise Less than 40 nano- 40 nanoseconds
and Fall Time: seconds (7 ampere pulse)

Duty Cycle: 0.02 to 2.0 per- 0 to 2.0 percent
cent

Pulse Width: 100 nanosecond to 100 nanosecond to
1 microsecond 1 microsecond

Leakage: 0.3 milliamperes 0.3 milliamperes
max.

Amplitude: Compatible with 5 volt pulse
5 volt logic

ADDITIONAL FUNCTIONS

AND REQUIREMENTS

Monostable

Pulse Width: Externally adjust- Externally adjust-
able from 100 able from 100
nanoseconds to 2 nanoseconds to 2
microseconds microseconds

Pulse Input: A strobe 5 volt strobe input
compatible with 5
volt logic
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Clearly the objectives in Table I call for a monolithic
design capable of simultaneous high speed, high voltage,
and high current. In addition to the objectives in Table I,
it was determined that maintaining low power consumption
would be essential for potential applications. To meet this
additional constraint, all circuits should be in the "off"
state until. an input pulse is received. The design developed
during this program represents a unique, all monolithic,
approach which maintains all circuits in the norma.ly "off"

state while meeting the performance goals.

CIRCUIT DESIGN

The final circuit configuration is shown in Figure 2.
Though description of the entire circuit is lengthy, the
overall pulse response and several unique circuits can be
highlighted.

The circuit shown in Figure 2 responds to an input pulse
by shaping it to form a constant current, high resolution
pulse output. The control circuits shown also provide
regulation of the output current level and isolation of the
output current pulse from the power supply. To circumvent the
problem of processing high resolution pulses with low
performance lateral PNP transistors, a unique, though more
complex, pulse processing chain was designed. In this approach,
the critical PNP's are pulsed on before the required output
signal is to be generated. This allows the critical PNPs to
rcach their full current level before their current is routed
to the load device.

Transistor Q26 in Figure 2 is the critica] PNP which
supplies the output drive current. To obtain high resolution
pulses, Q26's current is amplified by Q28 whose output is
shunted to ground by Q37. Q37 continues to shunt this current
to ground until the two level detectors composed of Q29, Q30,
Q17, Q18, Q31, and Q32 time out. When both level detectors
have switched, Q37 is driven off by Q33 allowing the current
from Q28 to drive Q45 and Q46.

Transistors Q45 and Q46 are configured in a Distributed
Darlington Array. 'This patented structure has been used
successfully in several other high current integrated circuits.
This structure makes extensive use of interdigitation, and
ballasting to attain good current distribution. For use in this
high voltage process, field plates, deep diffusions, and rounded
corners were added to assure the hiqhest breakdown voltage
possible.

Another function available on this integrated circuit is
a zero quiscent power consumption monostabie exhibiting high
speed rise and fall times. Transistors Qll, Q12, Q13 and Q14
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make up this unique monostable. The modulator may be con-
figured so that either the input pulse or the monostable
determines the output pulse width.

The remaining control circuits provide current regula-
tion and isolation from the power supply. Transistors Q44,
Q43,Q42,Q41,Q40 and Q39 are configured as a high current
differential amplifier. With the collector of Q44 connected
to the base of Q45 and the base of Q44 connected to the
emitter of Q46, wide band, closed loop control over the
Darlington Array collector current is obtained. Because
this wide band system may be subject to oscillation, an alter-
nate open loop regulator is provided. This configuration has
both the collector and base of Q44 connected to the base of
Q45. To give this open loop system the long term stability
of the closed loop system, a pumped AGC network composed of
Q54,Q55,Q56,Q57,Q56 and Q59 can be used to control the
Reference Voltage input. Variation of the Reference Voltage
to maintain constant voltage at thc emitter of the Darlington
Array will maintain constant collector current.

To isolate the 10 ampere constant current output from
the power supply, a line isolator is provided. This circuit,
composed of transistors Q47,Q48 and Q49, is essentially a
constant current source. This circuit forces the Darlington
Array to obtain its pulsed current from a storage capacitor
and allows the power supply to supply essentially a constant
lower value recharge current.

CIRCUIT PERFORMANCE

The circuit outlined above was processed by using deep
pocket dielectric isolation technology. As shown in Table I
all of the significant objectives of the program were obtained.
The control circuit provided an internally timed 200 milli-
ampere pulse characterized by a 35 nanc second rise time and a
10 nanosecond fall time. The output stage exhibited a 40 nano-
second rise and fall time for a 7 ampere pulse.

The modulator system was configured with the monostable
determining the pulse width, the output stage driving a
resistive load, and the regulator providing open loop current
control. Figure 3 is a photograph of the output current for
five different Reference Voltage settings. Te resistive load
was then replaced by a TA 7606 Laser Diode. This particular
diode had a threshold of 4 amperes and a pedk forward current
of 10 amperes. Figure 4 shows the detected light output for
two Reference Voltage settings. Clearly, Figure 3 indicates
that control over the output current level has ben obtained.
Figure 4 demonstrates that this current control can be trans-
lated into control over the transmitted lih:_ intensity.
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Scales:
Vertical - 10 volts/

cm (2 am-
peres/cm)

Time - 100 nanoseconds/
cm

Load - 5 ohms
Reference Voltage
Settings 16, 14, 12,
10 and 5 volts

Figure 3. Darlington Array Output Current for
Varing Reference Voltage

Top - Current - 2
amperes/cm

Bottom - Light Output -
.005 volts/cm

Time:- 100 nanoseconds/
cnt

Reference Voltage
16.5 and 14.5 volts

Figure 4. Laser Current and Light Output for
Variny Reference Voltages
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CONCLUS ION

The developoent program summaiLzed in this paper leads
to several significant conclusions. First, the performance
obtained indicates that monolithic technology can be used
for modulation of Laser Diode, microwave ferrite phase
shifters, and microwave diodes, requiring high current, high
voltage, and high speed. Second, the modulator developed is
a compact unit which makes phase shifter arrays practical
and miniature microwave or laser sources workable. Third,
the ability to control the amplitude of a high resolution
pulse allows both compensation and control of the drive
signal a6 required by a potential system.
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AN INTEG.RATED S-BAND SOLID STATE FRONT END

R. J. Grabinaki
F. L. Sachen

Westinghouse Electric Corporation
Baltimore, Maryland

ABSTRACT

The application of microwave integrated circuit technology to radar
receiver design has resulted in a compact, lightweight front end module.
The unit, measuring 1.0" x 2.5" x 4.5", operates from 2.3 0Hz to 2.7 0Hiz
with a 5.5 dB n~ise figure and 28 dB gain.

INTRODUCTION

This paper describes a microwave integrated circuit front end that
was developed as part of a modification program for an S-band radar. It

rcprcscnt a 60:1 i[AhprUVtLI~eaL :in uyNLem reliability compared with the

discrete component device that it replaces. The size and weight have been
reduced by an order of magnitude. The module features a low overall noise
figure combined with the additional advantage of built-in receiver protec-

tion against high power transmitter leakage pulses. It consists of a diode
limiter followed by a single-pole double-throw PIN diode switch' a 20 dB
directional coupler, and a low-noise transisto- amplifier. All of the com-
ponents are integrated within a stngle housing with the limiter forming an

integral part of the overall package.

Except for the limiter, which is a coaxial device, microstrip fabrica-
tion techniques are used throughout. Transmission line patterns are defined

by c oligh conducivity thick film gold ink onto a 0.025 inch thick,
99.5% alumina substrate. Bias resistors and transmission line terminations
are formed with resistive inks in a similar fashion and then laser trimmed
to within their appropriate tolerance range. Other circuit components, such
as chip capacitors and semiconductor devices, are attached to the substrate

either by soldering or by welding with a parallel gap welder.
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BLOCK DIAGRAM AND DESIGN OBJECTIVES

A block diagram of the front end showing its individual components is
illustrated in Figure 1. The module is required to work in either of two

states determined by the polarity of the switch control voltage: one of
these is the normal receive function and the other is a test mode that was
included to petmit receiv," measurements to be conveniently made at the radar
site. Wheni in the test mode, isolation between the amplifier and the

module's input signal terminal is accomplished by the switch, which is used
to terminate the main arm of the coupler, and by applying bias to the
shunt mounted limiter iodes. Including the contribution of the switch, a
total isolation of 60 d is achieved with this scheme.

Tables 1 and 2 present a summary of the principal design srecifica-
tions for the module and its respective components. Throughout the design,

major emphasis was placed on achieving the best reproducible noise figure
possible. As a consequence, losses in front of the amplifier had to be
minimized. In addition, selected low-noise transistors were specified for

the first two amplifier stages. The transistors chosen for this applica-

tion exhibit a maximum noise figure of 4.0 dB at 3.0 GHz. Final optimiza-

tion of noise figure was accomplished by amplifier input matching.

Since the device would be produced in quantity for a military applica-

tion, high reliability, low cost, reproducibility and ease of repair were
essential design objectives.

The high reliability objective was attained through the use of fully
qualified MIL parts. All semiconductors were JAN TX rated. Chip capacito-_
and res stors were tested under the environmental c nditions required for
the equipment as a whole. Extensive environmental cesting at all levels
of the design helped eliminate any defects.

The cost objective was met by the use of microstrip fabrication tech-
niques and an emphasis on layout procedures that enabled ease of fabrication

and assembly.

Since reproducibility is directly related to the quality of the design
and fabrication as well as the tolerance control established, particular
attention was devoted to these areas. Extensive evaluations were conducted
which established standards for the thick film fabrication process. Rigid
quality concrol criteria were sitablished. In addition, testing at all
levels of the design allowed specification of the tolerances required to
yield a reproducible design.

In order to achieve the repairability objective, all substrates are
clamped in place instead of using a permanent mounting method, thus allowing
quick removal. Initial problems associated with substrate shifting and the
connector-module interface were successfully solved.
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DESCRIPTION OF INDIVIDUAL COMPONENTS

A. Receiver Protector

The limiter has to protect against a leakage pulse of 3 KW peak power
with a 6 us pulsewidth and a duty cycle of C.002. The first stage provides
most of the required protection by using two high-po"er PIN diodes mounted
in shunt across -he RF lne. When a high level pulse is -;,plied at the
input port, these diodes eventually bias on and act to reflcc-t the bulk
of the incident energy. Spike leakage occurring a*- the beginn'ng of the
pulse is significantly reduced by two pairs of quick-acting vara, t:or diodes
added behind the input stage.

All of the diodes are mounted from the inner to the outer conductor
of a coaxial transmission line, with the outer conductor being the module
housing. This provides an excellent heat sinking capability and also makes
diode removal relatively easy. Both the spacing of th2, diodes and the
impedance of the transmission line are regulated to provide a good match.

Measured data for the limiter is presented in Figure 2. The entire
module was field tested to 3.3 KW with no apparent degradation to small
signal performance.

B. SPDT Switch and Directional Coupler

Both of these components, including biasing networks for the switch,
are fabricated on a single substrate that is I inch long by 2 inches wide.
Low level PIN diodes are used to provide the switching tunction, Obtained
in a beam lead configuration, they are attached to the microstrip circuit
through the application of parallel gap welding techniques. Those located
in the signal arm of the switch were chosen for their low series resis tance
and package lead inductance in order to minimize transmission loss. The
directional coupler is a conventional microstrip design employing a parallel
section of coupled line which is a quarter-wavelength at the design center
frequency.

Typical performance curves for the switch-coupler combinatir. are
given in Figure 3. The units typically exhibit an insertion loss of less
than 0.7 dP across the band.

C. RF Amplifier

A cascade arrangement of five common emitter transistor stages is used
to achieve 27 dB minimum gain and a typical noise figure of 4.2 dB. This
circuit, with attendant biasing and matching networks, is contained on a
2 inch by 2 inch substrate. The transistors are housed in a small, hermeti-
cally sealed stripline package and mounted in a hole through the substrate.
The first two stages are biased for low-noise operation and the neXL two
for maximum power gain. Together, these four stages are used to determine
amplifier performance with the last stage serving as a buffer to provide
load isolation and the required output match.
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The first step in the development was an approximate Smith Chart design
carried out from data supplied by transistor two-port scattering parameter

measurements. Computer-aided design techniques were then applied to optimize

the matching networks of the resulting circuit. A flat gain response is

obtained by designing the matching structures to provide a low VSWR at the
highest operating frequency, and then roll off in watch at lower frequencies

where transistor gain is higher. During the design procedure, it was dcter-

mined that the amplifier is unconditionally stable throughout its operating
band, hut becomes unstable for frequencies lying in the UHF region. Appro-

priate circuitry was, therefore, added to the design to remedy the problem.

The modification produced stable transistor loading conditions at lower
frequencies, yet had a negligible effect at S-band. Slight changes to the

matching networks were made during breadboarding and subsequent testing to

arrive at a final mask design. The gain and noise figure of a typical
amplifier are given in Figure 4.

MODULE RESULTS

The prototype version of the integrated front end (Figure 5) met all
the design requirements presented earlier. The final test results for a
samplh of fifteen production units is given in ]able 3. All of the specifica-

tions have been met. The reliability record accumulated under actual field
operating conditions has been impressive. To date, over 15,000 hours of

operation have been logged without a failure. The uniformity experienced

during the initial production run demonstrates the effectiveness of the

approach used to attain this level of reproducibility.
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Directional
R cc ve r Coupler A pIi

RF Protector SPDT Switch Amplifi
InputRF

Output

Control Voltage Test Signal Inpdt

FIGURE 1: Module Block Diagram

Characteristic. Specificat. Characteristic Specificat.

Frequency (Gllz) 2.3 to 2.7 Receiver Protector

Gain (dB), min. 25 Ins. Loss (dB), max. 0.3

Gain Flatness (dB) i0.5 Limiting Threshold +10

(d Bin)

Noise Figure (dB),max. 5.5

VSWR Switch

Input Noise Ins. Loss (dB), max. 0.4
Matched

Isolation (dB), min. 25Output, nominal 2.5 :1im

RF Input, max. 3 KX4 peak, Coupler

6 W ave. Ins. Loss (dB), max. 0.2

Test Mode Isolation Coupling (dB) 20

Amplifier to RF Amplifier

Input Port (dB) 60 Gain (dB), min. 27

Temperature ('C) -10 to +52 Noisr FigUre (dB), 4.5

TABLE 1: Modul Specifications TABLE 2: Component Specifications
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FIGURE 3: Switch-Coupler Response

252



Gain
5.0 .- ---- 28

M

4 4.5 26
00
r,

w 4.0 Noise Figure 24
O
0z

2.3 2.4 2.5 2.6 2.7
Frequcncy (Gltz)

FIGURE 4: RF Amplifier Response

Characteristics Minimum Maximum

Cain (dB) 27.0 28.8

Gain Flatness ±0.2 +0.5

Noise Figure (dB)

2.3 Gltz 4.9 5.2

2.5 GHz 5.0 5.4

2.7 CHz 5.1 5.5

Output VSWR 1.7 2.5

Isolation of Switch and
Limiter (dB) 61.6 I 67.0

TABLE 3: Performance of Production Modules
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APPLICATION OF MIC TECHNOLOCY
TO WIDEBAND MICROWAVE RECEIVERS*

by J.J. Taub, G. V. Kopcsay and H, C, Okean

AIL, a division of Cutlf.er-Hammer
Melville, New York 11746

ABSTRACT

A variety of microwave integrated circuit components are described which
are suitable for application to wideband, high- perforn.-,nne receiving systemns. In
particular, a 4 to 12 GHz interferomneter receiver consisting entirely of integrated
modules is presented as an example 01 the cuirrent technology.

1. INTRODUCTION

This paper describes some recent advances in the application of microwave integrated
circuit (MIC) techiniquces to the realization of complex wideband receiving :iystems. The cur-
rent level of technology is best illustrated by describing a recently developed 4 to 12 Glfz

double- superhecte rodyne interferometer receiver. A nurnber of new AIIC coriponcnts and
modules used in this receiver are described, including:

" S, C, and X-band step-scanned local oscillators
" Half-octave, C- and X-band tuinel-diuit amiplifiers

* Octave-iir PIN-diodu attenuators

" Half-octave mixcrs with I to 2-GHz If otputs

* Phase-tracked limitters,
* A wide variety ot vand-pass aind iow-pas:, hiltt rs ii. mimcro-strip and alumiria

sandwich line

Figure 1 shows the bliock diarani o! a recunti) c-evuloped laboratory intvrfk .- rut-ter
receiver for the 4 to 12 Gliz rangc. This recCU Ve- I" ta.S eul ltd R1- 1,Input arid.
after double 0wnconvr rsion, coniparcs thei r phase in t0. 7 to 0. ; tili), I- n I
Ccmara to r.

The RFl input of each ot two channels is split into t ir' *c,. bands by wnean1s of a triplexei
which feeds 4 to 6, 6 to 8, and 8 to 12 Cihz receivcr mod ies. These modules performu the
two frequency converstions. Each of the two sets of thrc - ru.ceiver niodule outputs are re-t
combined in a pre-encoder channel which provides IF gaij and serves to hard limit th RE
input's 40-dB dynamnic range to a lexel within 1 diB. Each pre-encoder channel provides an
output to the phase comparator. Finally, the 0. 7 to 0. 9 Gjlz IF is further rEsolved into 15
frequency slots, each 13. 3 MHz wide in the frequency channelizer module,

*This work was supported In part by the Air Force Avionics Laboratory under Contr-act
F33615-69-C-1859. H. C. Okean was wvith AlL, a division of Cutler- Hammer. He is now
with LNR Communications, ie., Farmingdale, N.Y. 11735.
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Two local oscillator assemblies supply the step-tuned signals which are required

for the frequency conversions.

The components contained in each of these modules are now described.

A. Triplexer

The trip-exer serves to split the 4 to 12 GHz input into three bands. It consists of
three band-pass filters which are sequentially switched as indicated in Figure 2. Two
SPDT PIN-diode switch modules mounted in microstrip provide band selection. The filters
are constructed in alumina sandwich line of 0. 1-inch ground plane spacing and provide
greater rejection than could be obtained in microstrip.

B. Receiver Modules

Figure 3 is a block diagram of a typical receiver module. A variety of receiver
functions are contained in this module, including:

* Crystal video detector for high level signal reception

• Main channel double- supe rheterodyne downconversion

* Independently tunable monitor receiver

The components of special note are the circulators, tunnel-diode amplifiers, PIN-
diode attenuator, and the balanced mixers. They represent considerably wider band designs
than had previously existed in alumina microstrip.

C. Local Oscillator Assemblies

Local obcillator signals from 6 to 13 Gllz are supplied by a bank of six Gunn
oscillators. Also contained in the first LO assembly are PIN-diode switches and power
dividers for signal distribution.

The second LO is supplied by a PIN-diode step-tuned transistor oscillator for 1.9 to
2. 7 GHz. This assembly also contains power dividers and switches which direct oscillator
pt,er to the proper mixers.

D. Other Modules

All other modules consist of 0. 7 to 0. t1 GHz IF components. The pre-encoder contains
transistor ampliflers and diode limliters. The phas., comparator module hac iow-pass filtoro,
riu-race and quadrature hyl;rids, and detector-video amplifiers. The I requency clialtnelizer
consists of a bank of 15 single-pole band-pass filters each coupled to a detector-video
amplifier.

fli. CONCLUSIONS

A number of recently developed receiver components have been briefly described. By
using them as building blocks, a fairly complex receiving system has been configured. Un-
doubtedly other receiving systems using the components described herein will suggest them-
selves to the reader.
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UHF HYBRID INTEGRATED 45-WATT TWO-STAGE
AMPLIFIER WITH OCTAVE BANDWIDTH

R. C. Huntington and S. Cho
Central Research Laboratories
Semiconductor Products Division

Motorola Inc.
Phoenix, Arizona

ABSTRACT

Design and realization of a hybrid integrated 45-watt
two-stage UHF amplifier with 1.2-1.6 dB gain over an octave
bandwidth are described. Emphasis is on comuter-aided de-
sign and on layout and assembly contributing to low-cost
production.

INTRODUCT ION

ecuij:eL,,iiLs of the emerging generation of communica-
tions equipment in the 225-400 MHz band impose need for an
efficient solid state high-power CW amplifier at ever-
increasing output levels in a design which is adapted to
low-cost quantity production. To meet the present need, a
45-wart amplifier with 12 dB minimum gain, + 2 dB gain var-
iation, :.4:1. maximim VSWR, and 30% minimum-efficiency
across the band was developed. Operating temperature range
is -55*C to +72C, and the amplifier remains stable at all
output levels and when driving a load having 3:1 VSWR at
any angle. Hybrid integrated circuitr~y is utilized through-
out, and the amplifier is constructed in a dual-ch.4nni! bal-
.nccd ap .iir configuration as block diagrammed in Figure
1. Each channel consists of two stages, and the channels
are combined using overlay quadrature hybrid couplers at in-
put and output. The amplifier housing is hermetically seal-
ed, and its dimensions are 2.8 x 1.8 x 0.75 inches exclusive
of connectors. The design procedure and amplifier realiza-
tion are described.

D1:S IGN

IL was determined at the outset that design require--
ments would best be met using a balanced amplifier config-
uration. This permits a low VSWR across the band at the
amplifier input (into the hybrid coupler) while the exped-
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ierit of mis-matching each amplifier channel at low frequen-
cies is used for gain leveling. It also provides a relia-
bility bonus iin that open-circuit failure of one channel
results ii reduction in output rather tlhan catastrophic
fi lure. The quadrature hybrid couplers used are of con-
ventional stripline construction having less than .25 dB
insertion loss.

Each of the two identical amplifier channels uses two
common emitter stages both operating class C. The transis-
tors selected are the Motorola RF164 and RF416 for the
driver and power stages, respectively. Both are 28V silicon
npn devices , ich are rated at 20W output for the RF164 and
30W for the RF416 at 400 MHz. A newly-designed microstrip--
compatible carrier for high-power UHF transistors, which is
sketched in Figure 2, was used for both transistors. It
consists of a metallized beryllia substrate with a symmetri- 4

cal grounded bridge to which the emitter is wire bonded. It
provides good therimal conduction to a heat sink and minimum
series inductance in the grounded emitter.

It has been observed that gain characteristics of a UHF
common emitter large signal transistor can be optimized by
augmenting the base-to-emitter capacitance with a selected
external capacitor located closely as possible to the chip.
The effects of various capacitance values on the RFI64 at
8.5W output across the band are shown in Figure 3 for matched
operation. A 6 dB per octave roll-off with no capacitance
is reduced to 1.5 dB gain qnrpa, gain at 400 I-fd is in-
creased 2 dB, and efficiency is improved using a 71 pF aug-
menting capacitor.

Gain and efficiency of the RF416 transistor, which was
operated without an augmenting capacitor, are plotted in
Figure 4.

To simplify the input and output matching networks, the
50-ohm source and load impedances were reduced by a factor
of 4 using transmission-line transformers. However, it was
found that transformers constructed of a filar winding on
a toroidal core as discussed hy Ruthroff. had aom-uniform
transfer tunctions resulting from varying parasitic induc-
tances caused by slight variations in windings. This pro-
blem was eliminated by design of an equivalent transmissb.-

line transformer usin. parallel-strip transmission lines
formed by etching both sides of a chrome-gold metallized
J.0-mil thick alumina wafer. Transformer construction is
sketched in Figure 5. The wrap-arourd metallization on one
edge constitutes the ground terminal as well as the surface
which is soldered to the circuit ground plane for vertical
mounting of the cransform.r as shown in Figure 6. Figure 7
shows impedance measured at the low-impedance terminal with.
a flat 50-ohm load on the high-impedance terminal for three
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transformers having different developed lengths of trans-
missioii line. Line length of i.i inch was used for this
amplifier. Measured insertion loss is less than .25 dB,
and the temperature coefficient is i°C/W at 400 WHz.

Twu computer programs were used in designing the coup-
I ing networks. One incorporates an optimization subroutine
and is used in the selection and optimization of a simple
brnoadband network configuration and constants. Using the
second program, circuit parasitics are Introduced, and the
selection of constants is refined.

Objectives of the coupling circuit design are to devel-
op an amplifier having constant transducer gain across the
225-400 MHz band in a 50-ohm system and to provide good im-
pedance twitch at outputs of both stages for maxinized effi-
ciency. This was accomplished using the following procedure.
The drive levels into the power (output) stage to compensate
for the composite gain roll-offs indicated by Figures 3 and
4 were determined. Input impedances of the d:iver stage
then ware measured tinder matched conditions at these output
levls, and an input network( for the driver stage was de-
signed which provided good impedance match at the upper end
of the band with progressively greater mismatch at lower
freqaencies as calculated to compensate for gain roll-off.
Output impedance was measured across the band for an RF164

equipped with the designed input network. A broadband in-
ters-'ge nctworl Lhen was designed ror optimal match between
this impedance and measured input impedance of the RF416
under matched conditions at rated output power (30W) across
the band. This network and an RF416 then were added to the
driver stage, and output impedance was measured. The out-
put network then was designed to match this impedance across
the band to the transformed 50-ohm load.

Lumped constants were used for convenience in initial
design and breadboarding. Where feasible, these constants
later were converted to equivalent microstrip transmission
line segments.

AMPLIFIER REALIZATION

Primary objectives in design of the amplifier structure
and housing are to achieve maximum producibility and to
develop the required manufacturing technology while main-
taining design performance and reliability.

Each channel assembly of the amplifier consists of
seven small microstrip circuit boards, two transistor car-
riers, and two ceramic transformer,,;. All inductances and
RF chokes are realized as equivalent transmission line
sections, capacitors are discrete ceramic chips, and re-
sistors are evaporated thin film on SiO2 . Figure 8 shows
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the circuit laycut used ii production units.

Berore assembly of the amplifier, each circuit board is
prepared as a sub-assembly on which are mounted discrete
components and coupling ribbons using high-temperature (300'C)
solder. After test and inspection of transistors and sub-
assemblies, they are fitted into the housing with lower tem-
perature solder preforms and furnace soldered at a tempera-
ture of 2000G. This process of assembling pre-tested sub-
assemblies is capable of producing high yields of acceptable
ampliJfiers in production. In addition to this advantage,
metallized small ceramic boards can be soldered successfully
directly to a plated aluminum housing whereas a larger cera-
nic board may crack due to thermal stresses during the cool-.
ing cycle.

All circuit boards are 50-mil thick 99.5% alumina with
chrome-gold metallization. This board thickness is used be-
cause it provides reasonably high impedance lines (72) with
sufficient width (20 mils) to keep I R losses within accept-
able limits. Uniform board thickness contributes to ease of
attaching interconnecting ribbons.

The amplifier package permits assembly of each channel
into a separate housing such that only pre-tested channels
are assembled into a dual-channel amplifier; again, a yield-
improving expedient relative to use of a single dual-channel
housing. Figure 9 is an exploded view of the amplifier pack-
age showing the method of installing the quadrature hybrid
couplers and the hermetic feed-rhroughs to the couplers and
the external bias supply. The two channel housings are sol-
dered together and to the base plate. After final test the
hermetic seal is completed by soldering the cover plate in
place with a lower-temperature solder. Figure 10 is a
photograph of a prototype amplifier without cover plate.

TEST RESULTS

Test data measured on one typical production prototype
amplifier and summarized here indicate that performance ob-
jectivp stated af the outset have been met.

Transducer gain, collector efficiency, and VSWR at 45W
constant output across the 225-400 MHz band at room tempera-
ture are plotted in Figure 11. Minimum gain is 12.5W with
total gain spread of 2.3 dB. Minimum efficiency is 30%, and
maximum VSWR is 1.45:1.

Transducer gain and efficiency measured at 45W constant
output are plotted against frequency in Figure 12 for the
two temperature extremes of -55CC and +72 0C. Performance
data for intermediate temperatures are encompassed by these
curves. Rated 45W output power capability with minor var-
iations in gain and efficiency are shown at all temperatures
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within this range.

Power delivered to the load and efficiency of the amp-
Jifier operating into a 3:1 VSWR load are summarized in
Table I for band-end frequencies of 225 and 400 MHz. At
each frequency and load angle the amplifier was operated
either at 45W output or at an output obtained with a supply
current not to exceed 3.0 amp in either single channel.
Minimum output power was 33.1W, and minimum gain was 11.89 dB.

The amplifier output was monitored with a spectrum anal-
yzer iv all tests. In no case, including operation into 3:1
VSWR load, was there instability or gencration of spurious
frequencies at any combination of frequency, temperature, or
signal level, nor was there device damage. The second har-
monic remained more than 15 dB below the fundamental.

Capability of operating continuously and stably at out-
put levels down to 0.5W at all frequencies and temperatures
was verified.

The work reported in this paper was supported in part
by the Manufacturing Technology Division, Air Force Materials
Lab, WPAFB, Contract F33615-70-C-1828.

Freq. 0 G Eff. pv

MHz W dB % Angle

225 45.0 12.20 31.2 00

225 45.0 12.25 30.7 900

225 37.2 11.89 31.3 1800

225 45.0 12.38 31.3 2700

400 40.7 13.57 26.4 00

400 42.2 14.16 26.3 90

400 33.6 14.89 25.9 1800

400 33.1 14.67 21.6 270 °

Table I

Operation into 3:1 VSWR Load at
all Angles at Band-End Frequencies
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AN INTEGRATED INTERMEDIATE -FREQUENCY
AMPLIFIER-LIMhITER.

James K. Roberge
Massachusetts histitute of Technology

Canbridge, Massachusett 02139

William H. McGonale

Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, Massachusetts 02173

ABSTRACT

The design and fabrication of an integrated intermediate-
frequency amplifier-limiter irs described. The low xower consumption
and amplitude-to-phase conversion characteristics make the cit cuit
ideally suited for use as part of a cormmunications satellite F-M
repeater. Experimental! resuts are presented.

Wrhis work was sponsored by the Department of the Air Force.
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BACKGROUND

This paper describes an intermediate -frequency amplifier-
limiter designed for use in the Lincoln Experimental Satellite series
of communications satellites. ;This circuit is used to amplify
received frequency-iodulated signals (converted to a 3 4hz center
frequency) to a standard amplitude prior to retransmission by the
satellite. Primary design objectives include low-power operation,
low amplitudc -to-phase shift conversion to minimize distortion of
the F-M signals, and fabrication in a small, reliable form. It was
also necessary to convert the initial breadboard circuit to final form
quickly in order to meet satellite assembly schedules.

CIRCUIT DESIGN

The configuration chosen for the amplIfier-limiter consists of
an emitter-coupled amplifier driving an emitter follower included to
provide. low output impedance. The emitter-coupled pair provides
wideband small-signal response and limits the output at a predictable
level determined by the magnitudes of the operating current and the
load resistor of the amplifier. Preliminary analytic and experimental
investigations indicated that the only effective way to reduce amplitude-
to-phase conversion for this circuit was to increase its small-signa)
bandwidth well above 3 M-z. Furthermore, it was necessary to in-
crease the bandwidth by reducing the r-c: time constant at the output
node of the emitter-coupled aniplitier (the dominant time constant for
thi, cUnfiguLatinUU, since attLLmPs at -iductive y peaking the amplifier
response rt. iulted in disastrous amplitude -to -phase characteristics.
The low-capacitance requirement dictated that the final circuit be
fabricated in hybrid rather than monolithic integrated circuit form
since the collector-to -substrate capacitance associated with nono-
lithic designs would deteriorate performance.

The circuit schematic is shown in Fig. 1. The quiescent bias
current of the emitter follower is repeated by the Q4-Q5 pair to set
the bi.:L- level of the emitter-coupled pair. This technique permits
low v-11-ige operation of the clrrent source so that a 5 -volt supply is
sufficient. Since the bias current of the output transistor is repeated,
nu additional supply current is necessary to bias the current source.

Some operating point stability is obtained because of negative
feedback, although the gain around this loop is quite low. A more
important source of small-signal gain stability arises because of the
temperature characteristics of the diode and the base-to-enitter
junctions of Q1 and Q. As temperature increases, the forward
voltages of these three junctions decrease, and thus I1 increases.
The voltage gain of the emitter-coupled pair is approximnately

grn x 1. 5 K q x ic 1.5 K (1)7_- i T -f -

where gn is the transconductance of either Q2 or Q3. The increase
in Iz with temperature (since this current is equal to I) offsets the
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decrease in transconductance with temperature which results if a
bipolar transistor is operated at constant current.

Since transistors QZ and Q 3 are biased at apptox.mately
0. 25 mA each, their transconductances are 10 m niho, and the small-
signal voltalle gain of the circuit it approxirnately 7.5. The maximum
peak-to -peak output signal swing is 0.5 .nA x 1.3 K = 0.75 volt, and
the power consumption of the circuit is 5 roW.

CIRCUIT FABRICATION

'The layout of the 3 lMz amplifier-linmiter circuiv was initizted
by applying an equation that we have found useful in pre icting the sub-
strate area required for components and interconnection metalization.
The paraneters required for the equation are: the number of internal
substrate and input-output connections, total substrate area required
for active devices, recistors, capacitors and other component pads,
number of resistors whose areas are deternined by power consider •
ations rather than sheet resistivity, and number of total components.
Experience has indicated that the equation predicts a substrate area
within 5-10 percent of the area actually required for the layout.

After the package and related substrate size were chosen based
on the area predicted, the circuit layout was drawn to scale, This
drawing was then digitized using a Galma machine where pets of
coordinate numbers for each component bonding pad and conductor
lines were recorded on magnetic tape.

After digitizing, the magnetic tape wag plac d on an IBM 360
computer where programs called "DIGITIZE" and " AIANNPLCT"
we-re used to scale, edit, and provide a visual displ- y o the layout.
At this time any corrections in component place -nen or lint routing
may be made. When the layout was accepted as correct, a paper tape
was punched with the edited data. This tape was then ui.ed to make
the masks fur the substrates.

The masks were made on a David Mca.n.-,i)nputer-controlled
pattern gcnerator. The patcern generator exposed ., glasa plate in
such a rnann-r that a mask of the circuit wau produced. After
chemical developing of the plate, the finished mauk was ready for
final processing of the substrate.

The amount of time from layout to final glass masks was

Z-1I/2 days. This was followed by a. day for substratc metalhzatiov
and etching resultinp in a total time of 3-1/Z days fron layout tu.
availability of a prototype substrate.

Fabrication of the cix suit was conpleted using chip resistors,
capacitors and transistors. The passive clencnts wc '2 attached to
the substrate with a conductive adhesive, while semiconductor devices
were cutectically mounted. Conventional ultrasonic wire bonding was
em.loyed to- the_ pin-to-sabstrate conne ction.

n-proce';s testing was performed on the circuit during
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fabrication. The testing consisted of matching critical transitor
pairs for current gain and base-to-emitter voltage bcfoi bond.ng
and a functional test of the circuit after bonding, but before scaling
of the package. This testiag provided an opportunity of rcpairirg
any defective comnixnent and rcsnl'ed in a high yield after cealiug.

Since the circuit was for a space flight applicz.tion, rigoro-us
environmental testing w8s pe Thfd. This included rni:chanical
shock and vibration, centriug-ng, thermal shock and a Iaurn in. The
pro totypc circuit has met or exceeded all the orig inal specxiic.tions
-and bids are now out for production unaito.

The layout used for this circuit i., qhown .i I'ig. 2, while Fig. 3
illutdrates the coxnpxet circuit.

PERFOR MANCE

Pgu.re 4 shows the otpt and relative phase change of three
cascadec aritplifcr..l:riter stages as a function of input-signal level.
I'oz" smali iciput signals the v,ltagc gaim per stage is 18 dB, ccWistant
with thQ. predicted value. The amplitude-tc -phase conversion char-

acteristics indicate a p,-ak-to -peak phase change of less tham Z5 for
a lcO &B change in input- signtal level. This aiLuc irsure& that. ene
distori.ou of the frequenc -modulated signal- wiI] be negligible for
antkcipated amplitude-change T t.es.

The frecuency res por.se of ca ; iri .. a Stago is JFt .. .. " " t.i.i.

40, -3 dB over the ZO kh to 10 MHz range, and this wide b..nd'4idth is
resinsible for thk: e:cellen amlitade-to-phase shit, conversion
characteristics. The change in lin,2r --regio,. gain with tempeicture
ii less than 0. 1 pernent per degiee centigrade.
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A HYBRID INTEGRATED FERRITE PHASE SHIFTER DRIVER
FOR PHASED ARRAY RADAR APPLICATIONS*

J. DiBartolo, W.J. Ince, D.i. Temme
Massachusetts Institute of Technology, Lincoln Lat-orator"

Lexington, Massachusetts

Abstract

A hybrid integrated driver circuit for latching ferrite phasers
is described. Test data on prototype drivers demonstrates ability
to control phase accurately over a wide temperature is.'ge, inter-
changeability, and small sensitivity to phaser parameter variations.

Introduct ion

1
A hybrid integrated version of a flux drive control circuit for

nonreciprocal toroidal latching waveguide ferrite phasers
2 is

described. Test data on prototype driver. demonstrates ability to
control phase accurately over a wide tempercture range, inter-
changeability, and small sensitivity to phaser parameter variations.

The principle of the flux drive circuit is demonstrated in Fig. 1.
Phase is changed by incrementing the phaser toroid flux from a
reference remanence state on che major hysteresis loop. Ths is
accomplished by applying a voltage step, v(t), to the control winding
which threads the toroid. If the driver output impedance, leakage
inductance and circuit losses are negl igible, the incremented flux A#
is proportional to a volt-time integral, i.e., A4 =ftv(1) dt.
Ideally, if the applied voltage is a step function of amplitude V, the
l UX icr-eiLeiL is simply proport ional to time.

The driver delivers an initial RESET command to establish the
reference state followed by a SET pulse to achieve the desired phase
state. The refcrence point is taken to correspond to the long (M-)
state, since the insertion phase of the long state is less temperature
--sensitive than that of the short (P+) state. Assume that in the
TRANSMIT mode of operation the reference is represented by state A of
Fig. la. During the pulse the flux is increme, ed along path AB. When
the driver is turned off the flux relaxes to i_ remanent point C. if
C Is on a minor loop for all phase settings, any shrinkage of the

*This work was sponsored by the Department of the Army.
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hysteresis loop due to average power heating or ambient temperature

fluctuations can be accommodated. In addition, phaser mechanical
tolerances and toroid material tolerances become less critical.

The flux differential B -4C corresponds mainly to reversible
domain wall motion. Energy must be supplied by the driver to
sustain the reversible flux. This energy is not recovered, but is
dissipated in the driver circuitry.

Due to the nenreciprocal nature of the phase shifter, the
remanent induction must be inverted when changing between tire TRANSMIT
and RECEIVE modes of operatiov. Point D in Fig. la represents the new
reference state for RECEIVE.

The differential phase-versus-time relationship is usually non-
linear. Linearization is accomplished within this particular driver
by shaping the driver waveform (Fig. ic). In addition, for operation
with a digital steering control scheme, an auxiliary digital-to-analog
converter is required.

Circuit Description

The phaser configuration utilized in this work is operated with
single wire control. Hence, the driver must be capable of providing
output waveforms of both positive and negative polarity. For the SET
function a peak current of 3A is required. During the RESET operation,which is performed in about half uhe tineo taken for 1.'T L'iiC l. -
the peak curreut is permitted to rise to a maximum 1a'ue of IOA.

The driver block diagram is shown in Fig. 2. The driver comprises
dual channel complementary amplifiers with low output impedance (0.3
ohm) direct-coupled emitter-follower final stages. One channel
processes the SET and RESET commands for the TRANSMIT mode. The other
channel is active in the RECEIVE mode.

The waveform shaping required to linearize tile phase-time
relationship is performed in the small-signal amplifying stages. The
rectangular input pulse from the control logic circuitry is amplified
and. is thel accurately defined in amplitude by a temperature-stable
reference voltage. In parallel the input pulse is also differentiated,
amplified and then added to the accurately defined waveform. The
shaped waveform then drives the class B push-pull output stage. The
RESET coummand signal bypasses the waveform-shaping stages via a
separate input, since linearity is not required for the RESET. Thus,
additional gain can be provided to speed tip the RESET operation.

The special ferrite phase shifter driver cuporents were
fabricated utilizing thick film hylrid microcircuit techriques. Screen
printing techiques were used to form both tire thick filln conductor and
esistor pattern on the alumina substrate, and the patterns were lirea

at elevated temperatures. Tire active devices and capacitors were
attached to the substrate to form the hybrid circuit. Tire trarsistos
were mounted using a gold silicon cutect c bond, and tire capacitors
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were mounted with a gold-tin solder. Gold wire was used for the
inteiconnections.

The complete low level circuitry is contained within two 5/8"

hermetically sealed flat packs. A modified TO-3 package is used for

the emitter follower stages, which are separated from the small signal

circuitry for thermal considerations. These microcircuit components
are mounted with larger discrete components on a printed circuit board

as illustrated in Fig. 3.

Each flat pack conta- ; the components which comprise the low
power section of one individual channel, including the components
which define the reference voltage. The component layout is shown
in Fig. 4. The flat packs are identical, with the exception of the
transistor chips. The OUtFut stages of both channels and four other
junctions to provide temperature compensation for base-emitter voltage

variations in the output transistors are contained in the single TO-3
package, which is mounted on the heat sink. The component layout
within the 10-3 package is shown in Fig. 5.

Large componcnts, such as the necessary energy storage capacitors

and potenciomenters, have been mounted directly onto the printed
circuit board. In addition, to inhibit the output transistors from

delivering excessie current when the phaser toioid saturates, a
sensing resistor consisting of a small length of nichrome wire,

having a resistance of less than 0.1 ohm, is externally connected in
series with the output lead. The voltage developed across this
rusistor can operate control circuitry to limit the driver current

at some predetermined maximum value, e.g., 10A.

Fifty integrated circuit drivers h;ve been fabricated and tested.

The objectives of making a small-quantity production run were to verify
that the circuit is reproducible and to determine a large quaintity

(e.g., >10,000) production cost. These objectives have been met. The
large quantity price is expected to be less than $50, for production
lots of 50,000 or more.

Experimental Results

Experiwients wcrc performined with ten S-band latching wavegitide
phasers having the cross-section indicated in Table I, which also
summarizes the performance of the driver-phaser assembly. The driver

input pulse width was quantized to four bits (maximum phase increment
= 337.50). The phaser configuration utilizes a single garnet toroid
(4zMs = 550G) containing a bigh dielectric constant ceramic (e0 38)

insert.3

Important criteria for evaluating driver performance are (i)
accuracy in setting differential phase shift (ii) effect of parameter
tolerances and temperature variations on differential phase shift (ii)
switching speed and switching energy. One driver connected in turn to

each of the ten phiasers cxhibited no more than a 3' rms deviation in
phase from the nominal Letting, for any of the fifteen phase states.
The range of the differential phase shift error for all sixteen phase
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states for a single driver-phase shifter assembly was measured as a
function of Incident average power. The total error spread at low
power was only 30, and increased to 110 at 350W. An incident level
of 350W corresponded to a phaser temperature rise of about 40°C above
ambicnt. At this power leveJ, the change in the reference insertion
phase state was 20' from its value at low power.

The driver circuit itself is very temperature stable, by virtue
of the temperature-compensating components. With the phaser operating
at low power and maintained at room temperature, the driver temperature
could be raised to 60C without appreciable change in the driver output
waveform.

The driver swiTching time is primarily determined by the titne
taken to reverse the remanent flux in the phaser toroid. At S-band
the driver cycle time, comprising one SET aad a RESET operation, is
approximately 10 microseconds. The maximum PRF of 15 K1lz is determined
by the maximum dissipation of the output transistors. The qLiescent
dissipation is negligible.

Conclusien

An integrated transistor driver for providing analog control of a
ferrite phaser has been described. The flux drive mode of operation
provides relative freedom from temperature sensitivity and effects of
telerances. High PRF's, relatively fast switching speed and accurate
phase settiag have been demonstrated.
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TABLE 1

S-BAND PERFOHMANCE OF PIIASER-D1IVER COM13INATION

Toroid Material Mn-Doped Garnet (4rM = 550 G)

Remanent Magnetization 415 G

Dielectric Constant of Insert 38

Figure of Merit 720 deg per dB

Maximum Peak Power 7 KW
(instability thre hold, f = 2.8 Giz)

Maximum Average Power* 500 W
(conduction-convection cooling)

Driver Cycle Time 10 isecs

Maximum Driver PRY 15 kllz

R. M. S, rror of Any Bit Setting Us'ing <3 deg
4-Bit Digital Flux l)rivc*

Switching Energy 6 30 .1
(total energy per cycle delivered
by driver power supply)

, FreCiunc'y = 2.8 - 3.2 Gliz

0 .lOOin.

C.

.125in. 1 j __,___ ,L]
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DIAMOND: A New Approach to Microelectronic Circuit Design*
(DielectricIlly lsolated Arrays of MONolithic Dviccs)

J. D. Williaas and D. G. Skogiio

Sandia Laboratories, Albuquerque, New Mexico

ABSTRACT

lIMOND is an approach to microelectronic circuit design which re-
duces many of the problns associatee with the design and orocurement
of radiation-tolerant integrated circuits. Building block standardiza-
tion is achieved while alowing special purpose circuits, when required.

INTRODUCTiON

The development of radiation hardened semiconductor circuits is
expensive and Lime conswtnig. PiAMOND is an approach to microelectroniic
circuit design which reduces manyr of the problems associated with the
design aid procurement of radiation-tolerant integrated circuits. In
the pasit, n hardened circuit was first breaao)oar-ueat using a coilecLion
of hardened discrete devices. These devices may have come from many
different processes and many different vendors. The circuit was thcn
subjected to the radiation environment ond its per-formance evaluated.
The breadboard allowed the designer to fin:alize the schematic diagrn,
but he was still faced with the problem of designing an integrated
circuit of equal performance. 1fpically, the first, integrated circuit
did not perform correctly and various iterations were required. Once
the circuit was performing properly, some general information about
designing hardened IC's had been gained but most, of the information
pertained enly to that particular circuit. Wnen a new IC was required,
the trir] arid orror prncess was repeated.

In the DIAMOND approach, a group of standard discrete components is
d igiied, devclopsrd, nnd characterized for all anticipated environ-ments.
These standard discretes are identical to the devices which will ulti-
stately be used to build integrated circuits. Our standard list of
devices is intended to bc dynweic, and will chanige as the technology
advances or the needs of the circuit designer change. Such an approach
will preclude the problem of detices becoming obsolete before P...

*This work was supported by the U. S. Atomic Energy Comission.
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appear on the list. lkiUdin6 block, or" bre-adbuard, intcer!Ated circuits
have been constructed by oilier investigators. Some of these WU,'c for
radiation hardenied appjllications 1 5 ' & and others were for more benign
erivironmejits 2 ,3 ,14 None featured individuna device character- zation.

DIAMONP APPEi01,CI

The philosoplh of the DIAMOND approach o t !.rcuit design is as
follows: Given an electronic syst(eci, extract the process uniforil
regionally loctUtod groups of discrete components and design integrated
circuits to replacc theu. These two underlined concepts arc defiCd
below.

(a) Process Uniform: A group of' electrical components whose
important parmicttr* are such that the components could
all have resulted from the same sequence of manufacturitg
processcs arc process uniform. For example, all the cow-
ponents in any integrated circuit are process uniform.
Two transistors of different current rating but of the
sane voltage rating are usually process uniform. Two
transistors with widely different breakdown voltages would
probably not be process uniform because different starting
collector resistivities arc required.

(b) Regionally Located: If one were to partition a schematic
diag~rwii into ".proximity" groups, those conipozients in one
of these groups are regionally located. If a block dia-
grwin of the schematic is constructed, there is a high
probability that all those components in any block are
rekflnfF!ll minlocted.

The DiAMOND approach provides a systematic way to fulfill circuit
and system necds over a wide range of economic and environmental coll-
ditions (e.g., time scales, production quantities, design iterations,
and adverse environments) and yet achieve highly reliable, radiation-
tolerant parts at a reasonable cost. The components discussed are all
designed to have gold beam leads for attachumont. however, the approach
is general and not limited to a particular attachment technique.

The initial step in the development of the DIAMOND approach is to
divide the most frequently used portion of the current/breakdown voltage

i ;n!o for tra!1sistonr' ini rec tangular regions. At Jea-t one transistor
is developed which meets the 2-V requirements of each r.gii. The
transistor types arc developed in both the gold-doped and non-gold-doud
versions. Zener (emitter-base) and signal diodes (base-collector and
base-enittcr) are realized by utilizing existing transistor junctions.
Capacitors arc either meial-oxide-semicondnctor or reverse bi'ised IN
Junctions. Schottky clamping diodes are provided for the NPN transis-
tors. A full range of ditfuseu and thin-filn resistors have also been
developed to be compatible with any of the process uniform groups.

Cirlits with comparable performance can) be obtained ii tbree formis:
(i) Discrete lyria, kcJ ouNiiuwuI tayit~b s, iu k31, Cue-oi Layout
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1 1AMOND. Thu- chicec is dicta.ed by the designl time allowed, quritiLy

required, and tihe allowed( circuit volume. The flow diacraol followed in

making11 tire deciviorr is iiJoii ill Figure 1.I
Thre ciorrn t n d eveloped are colup]et ely ciarac tea' i ed ill desiC-n

irwrjbooks and rrodulld over' 1ir- vf1 ~'~ u"' tu issAirig
circuit analysis acourate. These. devices u-e stocked inl beams lead cip
forms and in DIX' packages and arc readily available for buildiing bread-
bonards. lI.-house hyvbrid fabrication facilities and anl initeractive
eraphics sy.; Lent make poss'ible the cunrrjlrction of initial circuit dc..ign
to finished discrete hiybrid in a.- short, a time as eie wee.

DIAMOND IDhVELOI '?LN'f

Thle first portion of the DiAMOND development consists of' twelve
basic transistor, types using beamt lead arid radiationl- olerant technoicl-
ogies. Thu twelve types; include NIT and FP ta:zPo arrays w-Ith
JIWCEO's o:- 10 and 35 volts- replresenitinig three seprate opecratinlg currenit
a aniges. Thle twelve basic tranisistor types are expnrded to twenity-four
tTw's by providing eachi basic device in bothj gold-doped and nonl-gold-
doped Versions. These trsnsiotors are proDvided inn the ferm of quad
trans3istor arrays. A small real estate penalty arid niegligible dollar
cost allowed us3 to develop quads instead of single transistor:;. Thle
qjuad forms greatly enhaneccs the arnourid 01' characterization data aVailale.
Singles ctin easily be fabricated if tire larger area iinits provwe to be
imle -ir-able. All four transistors inl arn array have the saiiis curr-irt aid
voltage ranges. E-ach quad transistor array contains two gold-doped
trvnsistors arid two non-g~old-doped transistors. One nion-gold-doped
arid one goldi-doped transistor of eachi NPN arr%-y have Schottky diodes

build ~ C into'C~f ±lI~~-'~'LLL riot.Oili' nted to the base;. The- IN!'
arrnays_ cntur reg-ular I'N Junction diodes since useful. Scliet tky d iodes
cannot be fabricated on the p-type collector rmaterial . A selcimatic
represenltaqtion- ef' tire NI'N array is shown in Figure 2. Thle actual arrays
contain foujr.crn g-old bourni leads, arid tire siliAcon chip size is . O)IG"x-.50".
In breadiboard tug, only one or two devices from each quad are normally
used.

In order to gain the s tatistical conf'idence required for comiputer
rnodelliri, th]ree different. lot.. of each of the twelve transistor types
ihive been process-ed. lYon each lot 4u0O arrays (Ii-,1; 00 total unilts) were
obt aimed. Hialf of each group was packaged in auni-irn-] Inc packages.
The du-tnl r ui uz, are, usLeful in conventional breadboards anid in
deviocerctriaon by automaltic testers.

The secondf portion of tiet DIAMOND deveiopilnrt. will Consist of tire
Standard Layout, DlPJIONP Olt) Sri th;iip will be a c2ollection of
th~ree Current raniges of tr.rrIsistern, di ffused resistors mlid crc'ss-urider.s.
These circuits will be stocke'd by tire supplier with all tire processirg
conrplete except. tire finial rit'llizationi. if air integ'rated circuit can
be realizmed using only comnponeits from this rollection, izroueto
instruictions:- arc sentL to the supplier wlio then applies the appropriate

mettal] izajtol for thle particular applicationl. ini this nnrtier', small1

quantities of fully characterized integrated circuits ilay be ohtainedI
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quialy (ppro~trately i weeka) arid at low cost Ca few thousand dollars).

A tentative drawing of the Stamdard Layout DJAON]I) constructed oi,
the Sandia intcractivc graphlis facility is shown in Figurc 3.

If the UDIC 5 and -,&ndja Video Amrplifica"G had b-,tn fihr11 ,"1t,, fCrom"

DIAMOND-chaacterized discrete devices, they would be exarple.- of Custol
DIAMOND circuits. Development times for these types of circuits should
be 16 to 20 weeks, and evc-n though the cost will be more than that of
SL]a's, it will be considerably less than a conventional custom hardencd
circuit.

DEV ICE PERFORMANCE

Table 1 shows typical device performance. The typical values given
re tile I reradiation values of the non-gold-doped units. AtLouwh

arrays of all of the types have not been received or irradiated at the
Line el this writing, igur'cs . and 5 show tlC PCL'IOVJ:tXlWCb &
prototype versions of the 10 .olL iE4N 2n.A and lOmnA transistors vCrsub
neutron dose.

A C KNO WLEXM ,EN],S

The devices for this portion of the DIAMONI) dcvelopment were
fabricated by Texzt istruments. The authors espeial]y acknowledge
the efforts of Tim Snith, alt hunyan and their staff in bringing
the DIAMOND concept into reality.
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FLEXIBLE MULTILAYER INTERCONNECTION USING

EVAPORATED ALUMINUM CANTILEVERED BEAMS

M. B. Shamash, F. A. Lindberg, C. L. Marriott, and R. D. Hal'

Westingbouse Defense & Electronic Systems Center
Systems Development Division

Baltimore, Maryland

ABST RACT

A compatible multilayer interconnection system including the for-
mation of cantilevered aluminum beams for interconnection of standard
chips or very large LSI wafers is described. This packaging technique
has all the advantages of an all-aluminum system with the possibility of
s eniautoxnation.

INTRODUCT ION

T'his paper describeb a technique of interconnecting any type cf off-
the-shelf integrated circuit with aluminum cantilevered bean-is that is
integral to the metallization on the two surfaces of a flexible film
through the elimination of flying wire bonds. The technique is used
before the integrated circuits are mnounted backdown in intimate contact
to a heat sinking substrate. This method of subsystem packaging, for
military or conmercial application, may utilize double-sided or three-
layer construction. The beam lead and bumped flip-chip integrated
circuits suffer from the disadvantage that the active surfaces of the
1/C's are not visible for inspection and test, and are not effectively
cooled.

DESIGN GONSiDERAI IUNS

General

New techniq,,es for device attachment to flexible Kapton film were
developed with provisions for backdown mounting of the interconnected
devices. These techniques required etching of 0. 005-inch Kapton.
fabrication of cantilevered aluninum beams on Kapton, and mounting
of the preconnected chip arrays to alumina substrates.

297



Beam-Leads on Kapton for Device Attachment

The requirement that devices be mounted face up on substrates
while being interconnected by double-sided metallized Kapton film
places certain restrictions on the geometry. The design of the carrier

provides cantilevered beams extending over large etched windows in the

Kapton film for attachment to the devices. This allows for device
removal after all bonding is completed. The filni is also attached to the

substrate by bonding the aluminum on the lower side of the Kapton to the
substrate so the beam leads are not stressed. The thick flexible film

(0. 005 inch) approximates the device thickness and the flexibility of the

beans enables stress loops to be formed to accommodate any slight

misalignment. Figure I illustrates the method used to connect to the

devices.

Circuit Selection

A sense amplifier circuit was designed, breadboard tested, and
fabricated in final form as part of the verification of the cantilevered

beam for the multilayer hybrid packaging technique.

Conductor Deposition

Tte vacuum equipment used consisted of a 26-inch-diameter stain-

less-steel bell jar, a 10-inch-diameter oil diffusion pump, and a film

thickness monitor. Figure 2 shows the electron beam evaporation
system.

One of the primary goals was to produce aluminum films that have

good adhesion to Kapton. The cleaning procedure which proved most

effective consisted of outgassing the Kapton by placing it in the chamber
and pumping to a pressure between I x 10 - 6 torr to 5 x 10- 7 torr with

500 watts dissipated by heaters placed 2-l/z. inches above the Kapton

film. Omitting the initial outgassing step invariably produced poor
aluminum adhesion. After this outgassing, the sheet was renoved for
further cleaning, reinserted in the chamber, and pumped to a pressure

somewhat higher than the initial out-a-sing pressure for the aluminum

deposition.

In order to etch the through holes in Kapton film, both sides of a

10-inch sheet were deposited with about 0, 004 inch of aluminum.

After one side was coated, the sheet was removed from the vacuum

chamber and to attach the lower aluminum layer on the Kapton to the

gold layer on the ceramic substrate. Access holes were etched in the

were etched when the rectangular chip access holes were etched from

the bottom side up. The thermal compression bonds were made with a
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wire bonder. The substrate was hcd at 200°C and tile capillary was
held at 350C.

A SECOND APPLICATION

Another application for the technique of etching aluminum conduc-
tors on flexible film is interconinecting a 3-inch-diameter wafer or sub-
strate to its package. The initial interconnection concept consisted of
0. 001-inch-thick pure aluminum conductors cantilevered over both
edges of the film for interconnection to the substrate at one edge and to
the package pads at the other edge. This configuration yields repeat-
able tight tolerance (hence constant capacitance) of relatively long con-
ductors which can be of con;iderable importance in high-speed appli-
cations. Part of figure 6 showo this initial design.

The second interconnection technique, which is rather unique, is
called the removable carrier design. The deposition and etching pro-
cesses are essentially the same as described in the first part of this
paper. The difference is iv the geometry of the firshed aluminum
beams and the Kapton. The aluminum leads are cantilevered over a
window etched in the Kapton film. Once the part is in position, the
bonds are made inside the window where the beams are hanging. The
Kapton is then pulled away, leaving only aluminun beams as shown in
figure 7. Note that the beams have separated outside the bond. The
most obvious advantages of the renovable film carrier design are that
icre is no Kapton in the final assembly and that the bean s are better
protected during handling since the ends of the beans are not free as
in the i.itial design. Figure 8 shows the ultrasonic bonder with the tip
in operation to interconnect the large modular package.

Cantilevered beam interconnections 0. 010- x 0.001-inch in cross-
section can attain a pull strength of between 80 and 82 grains. Com-
pared to gold flying wire bonding, the advantage in specific strength is
over four to one.

CONCLUSIONS/S UMMARY

The technique of using cantilevered aluminwn beans was devised
to provide multilayer capability with a reduced number of interconnec-

tions. Thi; method of microcircuit packaging uses the two layers on
the Kapton to replace gold wire connections. The face up mounting of
the chips provides good heat transfer, ease of inspection and test, and
in-process replacemnent capability.
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The aluminum beam lead carrier used to connect a wafer or a sub-
strate to a package was developed to provide a reliable, radiation-
hardened, low-cost interconnection technique. The vapor deposited

metal can be chosen to conform to other materials in the package and

the photoetching techmiques lend themselves to speed and accuracy.

AGKNOWLEDGEMZNT

The development work described in this paper was sponsored
jointly by Naval Air Developnment Center and the Naval Air Systems

Command. We are thankful for their technical direction.
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Figure 1. Gross-Section of Face-Up Device Bonding
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Fig'±re 3. Etched Aluminum Circuit oI Kapton

Figure 4. Closeup of Same Bonded Chip
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Figilrc 5. Assembled Sczlm;e Amplifier
Note: Cantilevered beamis are 4 mnils wvide by 16 mils lonig
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T1TL': Onc-Mji Gold Wires in High AccelcratioiL
ILIC Applicat ions

AUTHOR: Rob-er P. Roberts
Division 1431
P.O. Box 5800
Sandia Laboratories
Albuquerqzte, New Mexico 87115

Telephone: 505 264 1532

ABSTRACT

Results of an evaluation of one-mil gold wires as used

for intraconection- i.n hybrid miLcrocircuits for high

accelcraLiOll attillr, shel pp-': . i C Vp..r.d.

Wire oriCnl:atiotl and length control are necessary for

Successful Use in this etvlroIeInct.
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I NIROPIICTI ON

S Ince hybrid ricroci trcui(5 werev first produced ill iridus try, onle -nil1
(0.001 inch) gold wires hove been favored for reaisonab ly tel job I int ri-
conneic Ione oii iiy-rid tri roc iicu i (iIMC) substtCu i. They hrave been used
for tireele CIncLial 11 cncti lri of nearly all types tif appliqure devices
such as cli ij' eaac it ors, tartsiStIors, arid eVent clip res is tots

Cold wirtes have be~en pjitri Ja)bcanuse of thir Iease Of ha1nd Ii rig, thir
cotiptibi lity Wit 0i1tir wide anuge ofi riLteritt s usural1ly centerod arolund a
gold film sy'stemI, and tire non1-entics 1 irat Lre 01 hon~dInrig pa ConicLetIs
esp e in lly wheni conipaired to other t echtniques . Inl addi ti on, a level of
gold wire bond i ritegnitVi cart be estolhlisieu hy a high Clevel Cittni tuge
withb forces in surch a dirsct ion as rto lif t tire wi tes fromt tire suti ate
or componentLs . Y2Luv 1 depicts tiis for-ce applicationl.

The 1st ten adva iltriget is a d isoidvaiat when tire forces ore In -Are
wrong direect ion. For exarip le, it tile f-orces Of theL cent ci fugv were
algainst. tire wire loop (Figure 2) die lock of berrd ing Srnengthr in tire gold
Could allow it to Col lapse to tire stirhet rate sirioce caulsinge Possible
electrical shortingj, to substrate netallxzof.ion or tire Cormporrent, edge.

The sonric p rob lent carl ocr in wi th appliceati on of hiighi level forces
in other directiouns. ttrrder tItcsC CORid it inr, tile Wire loops call Miove to
the s ide or 0en, coous ilrg po: sitlt cSlior Ling to o tirer e leetrcicall y cmaidutirLirig
conipoierits.

Dz~spi te tis mroveirierit t hat. aol bie expel nierred , tie wire bonds tihem-r
t elves can be expected to rota iii thirlr 01 igi Ia confi girration through
reasonably high force le.veIs * i.e. inl excPss olf 20,000 g. TirIs, if
ct' Id Viirioeri ll'0Vl!' Co 011'l be LWI 1u 0o l1ed in itIt igli ac( er 'rt i onl t* fyi roinr ts
their use in fonce levelIs in execeSS of tiot to bend tire gold wire is
Possible.

To ova bate fully' tire gold wires iii onicirtat torts where Col lapse is
possible, a cenltnifige teat( waIs eStzilisred where control led forces could
be placed onl tire 0MC'S s rnd tire results ritori tored a (ter eccli of tire force
Steps.

Ct)NCl.US I ONS

Th is ova I riotL i on sh owed a du f in i jv i' di f ererict' i0 tire go d W;rc
enipbilitles ill reiiior 'Lo its orientaL ion. The one -iri 1 golId w ires,
Wile'! contl le1d to 0.050 inch betweert bonds and a hieigiit of 0.015 inrch
canl withstand side forces (Figure 31)) uip to 14,000 g. Tire sanre wire
Withr forCcs pirs'hriig down ( 3gire a) call be tised to 16,000 g arid when
sublje'cted to forces itt its 1longitud inial direct ion (Fi grire 3c) upl to
20 ,OO00j-

This report a Lto inlvestIiga tes tire effect oft over all wire lengthi
onl the ability of Lire wire to wi thstLand forces iLn the variortis directions.
Aci mright ire expec ted, wire length is a critical pacrsnet or. Wit es 80-mile
long. deileted at only l0,000g.
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The force level is also an iluportant facto_ in the amount of def lection.
The wire does no just collapse when it reaches its yield point. Instead,
it moves a little at that force level and then a little more at tie nrext
forco level. Lu few cases did tile wire reach total collapse at tire levels,
teaed.

TEST PROCEDUKE

NinetIy 7/8 by 7/8 inch integral packages (leads attached directly to
tie substrate) with 105 one-mil gold wires bonded at each end with a
natural loop between bonds and 180 5/8 by 5/8 inch integral packagt.s witt
50 one-mil1 gold wires bonded OL each end with a natural loop between
bonds were exposed to centrifugal forces (Figure 4). This provided s
sample of 18,450 wires which were bonded at one end with a t.hermocompression
ball bond and at the other end with a thermocompression wedge bond. Figure 5
shows a typical wire. Tire packages were obtained iour a comnucecial
sipplicr.

At the suppliers facility, all units were centrifUged it 2 0,O00g in
sircb a direction as to lift tie wires irom the subst rate (sucIr aS SirOWU
in figure 1). Upon receipt, all units were tested lo corIt i nuity. Thes"
tests confited Lite bontd integrity ot tie wire strings.

Each size package was divided into three groups for centl-ifuge,
corresponding to the centrifuge directions of Figure 3. Each group
was then centrifuged in the corresponding orientation of tht arrows
(Figure 3) at levels of 10,000, 12,000, 14,000, 1U,000, 20,000, and 25,00g.

After each increment of force, eachI package xias x-rayed to allow

usuil exanlina l,)ti. This should Id lte t *uuj,,t winLc rrovernelit Lthat occulred

duinhg dia t level1 of ce ntrlfuging. In addition, to verily bond integrity,
an electrical continuity check was made.

Prior to liddirg tite hybrid packages at tire suppliers plant, photo-
graphs were made of each substrate. These, plus initial x-rays' were tire
basis for monitoring wir movement after each centrifuge step.

The contract for 1iML' packages specified 0.050 inch hctwccn Londs.
however, not all bonded substrates fulfilled the specification as on many
substrates, tie bond centers were well beyond the 0.050 inch specified.
These subst rates were used anyway because tie different leagth wires
could provide useful itIforMati on for comparison at one centrifug ltvel.

TEST RESULTS

The results of tire centrifuge evaluation within the different orienta-
tioi! groups w, re m Much the same. Thus, only a represeutatiVe sample will be
discussed. Tire order of discussion will be for those with forces as
shown in Figires 3b, then 3a, and finally 3c.

Figure 0 show3 a typical package with tho forces pushlng to the side.
Tile superimposed photographis are mado by overlaying th x-ray negative
betore ccutrifuge with thit. after cenltrifuge. This particular IMC has
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several long wires apparently formed when tile original bonds were reworked.
As shown by the superimposed x-rays, these longer wires deflected after
the 10,000g centrifuge level. Minor movement of the shorter wires can
be noted after 16,000g with a pronounced movement of some of the shorter
wires noticably deflecting after 25,000g.

With forces pushirg the wires toward the substrateL, tile gold wire
capability is greatar than with side forces. Figure 7 shows distortion in
this direction only aoove 20,000g. ThenC, the occurance is only with the
longer wires.

The effects of up to 2 5,000g imposed on the lon1gitudinal direction of
the wires produced no observable distortion in any of the units tested.
This is true even with those units containing abnormally long wires.

Sonic care should be taken it. assuming that little, if any, distortion
of the gold wire. occurred during the last two discussed dircctions, i.e.,
the forces pushing the wires down or endwise. Th, x-rays and photographs
are all from a vertical direction and would show only a twisting or
deflectinag action of the hire. Wire movement only in the verticle plane
would not be discernible. Such possible motion is depicted in Figure 2.
This did in fact happen on some of the longer wires (Figure 8). It is
interesting to note that, of those wires observed to have deformed in
this fashion, there was still separation between the wire and the substrate
surface. Samples were selected from the group after 16 ,000g, and 2 0,OD0g
for an open lid examination. The verticle motion of tile wires with a
force to push them to the substrate could not be observed at less than a
20.030g. Notionl of the wirea with iongitudinal forces were no0t obser ,ed
below the 25,000g level.

A sample of three packages and 293 wires was taken on those units
with forces pushing to the side. Each wire was straightened and measured
for length. From the x-rays, it was then determined at what level the wire
deflected. Figure 9 is a plot of the average values and the range at cach
level. The end points on each range can usually be related to an unusual
shape or excessiv4 loop height. At 12,000g, there is on2 wire at 55-mils
long; the next shortest to b( - at this level was 63-milI loag. Discount-
ing this on1e poil'L, any wire less than 59-mils in total length should be
capable of wihIsLanding 14,000g side acceleration. Fifty-nine mils would
typically be a wire 50-mils 'twCen bontds with a 1)-mi loop height.

APPLICATION

The need for this evaluation arose duC to a hybrid microcircuit
application inl an artillery shell. The setback forces during firing and tie
rotational force- di to projectile spin were extremely high. The
evaluation showed that the wires wol1d not withstand h0 worst case
conditions of either the spin er setback forces when the forces were
in a direction to push the wires to the side. To counter this problem,
tile hybrid microcircuiits layouts were changcd from a random array
(Figure 10) to one wlcre the one-mil1 golu wires were all oriented in the
same direction (Vigure ii). In conditions where this was [lot feasible or
lon. wires were necessary, three-mil aluminum wires were used. This was
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possible because of the lower mass and greater bending strength in com-
par.son with gold. The single direction of the gold wires then allows
an orientation within the artillery projectile so that side forces will
not be experienced.

3I
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Substrate

'Figure 2. Possible tiondiscernible wire motionl
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Figure 3. Centrifuge force directions
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ENGINEERING STUDY OF DEVELOPMENT OF TWO-LEVEL
ANODIZED Al INTERCONNECTS FOR MSI AND LSI

by B. G. Carbajal and W. R. McMahon

Texas Instruments, Incorporated

Dallas, Texas 75222

ABSTRACT

This study covers the process development for two-level anodized
aluminum interconnects suitable for LSI integrated circuits, included
in this study is a reliability evaluation and a comparison with
conventional two-level aluminum interconnect systems.

Multilevel aluminum interconnect systems have been traditionally
plagued by open metal problems, interlevel shorting problems, and
interlevei contact resistance problems. These problems are all
indirectly the result of conveintional interconnect pcocesing in which
metal films and insulator films are deposited and then selectively
removed. The development of aluminum anodization as a useful method of
defining interconnect systems has opened the way for the development of
a multilevel aluminum interconnect system that is free from these
problems. Al anodization is a conversion process not a subtractive
process in which selected areas of aluminum metal are converted to
aluminum oxide insulating layers. This conversion process yields a
monolithic conductor-insulator system, that is basically flat and does
not suffer from the deficiencies incurred in conventional aluminum-
silicon oxide multilevel interconnect systems.

The anodization process can be carried out in a series of electro-
lyte baths. The electrolyte used in this study consists of an oxalic
acid solution in ethyl alcohol. The anodic process was carried ou. at
room temperature with an applied dc potential of 125V. Under these
conditions the rate of anodic conversion of metallic aluminum to the
oxide is 4 micro inches per minInute.

The anodic process sequence is outlined in Figure 1. The process
sequence uses steps similar to those used in conventional multilevel
interconnect systems, but the order in which the process steps are
carried out is in some cases reversed. Step 1 involves the definition
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of the first to second level via holes. Step 2 involves the definition
of the leads, the secon' and subsequent levels of interconnects are
formeo by iterations of this process. Note that the aluminum leads
are imbedded in and overcoated with aluminum oxide. Also note, that
the first to second level contact via holes are formed in place, not
by an etching operation. The patterns are defined using conventional
photol i thography.

Figures 2 and 3 show areas of a two-level test pattern. Figure 2
is a test pattern in which the first level interconnect is formed by
aluminum anodization. Figure 3 is the same test pattern in which the
first level interconnect is formed by conventional etching techniques
and the insulation layer is deposited silicon dioxide. Note in
particular in the scanning electron micrographs the absence of steps
at the metal crossover points on the anodized aluminum samples. Also
note the interlevel contact points in the anodized aluminum test pattern
shown in Figure 2 exhibits an almost planar structure both at the metal
edges and at the interlevel contact points. This planarity of the
anodized surface is a critical factor in eliminating the open metal
problem and the interlevel shorting problem. The interlevel contact
resistance problem has been significantly impacted by eliminating the
etching operations normally used to open the contact window.

Preliminary data indicates an improvement in the mean time to
failure for anodized aluminum leads vs. conventional aluminum leads
under high current stress conditions. Other preliminary data indicates
that the anodized aluminum structure offers nooki barrier properties to
ionic contaminants that affect integrated circuits.
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TlME-SAXRED CIRCUITS

William H. Licata

Naval Ordnance Laboratory

A circuit has been designed to generate the vector sum of two DC
input signals using a time-shared multiplier. It has been shown that
special analog modules can be used in a time-shared mode with savings
in cost, size, and power consumption. Increased accuracy may also
result.

INTRODUCTION

The investigation of time-sharing techniques applied to analog
circuit modules was motivated from a system design standpoint. It is
hoped that the development of this idea can greatly increase the
flexibility of analog guidance computers and reduce total hardware cost.
Although a multiplier was used in the vector summer circuit, many other
analog and probably digital circuits can be used in a time-shared mode.

TIHE-SHARED CIRCUIT

Analog guidance computers require many special computational
circuits. One such circuit is a vector summer circuit which calculates
the square root of the sum of the squares of two numbers. This function
could be instrumented using three analog multipliers and two operational
amplifiers. Two multipliers would be used as squaring circuits and the
third would be used as a square root circuit. This circuit approach is
straightforward and no design problems would be anticipated.

To perform the desired circuit function, it was decided to use
only one multiplier in a time-shared mode. This means multiplexing the
input signal to the multiplier and demultiplexing the multiplier output.
The square root function can be accomplished using the multiplier as a
squaring circuit in the feedback loop of an integrator. Thi muans the
multiplier will always be used as a squaring circuit. In other
applications, it might be necessary to change the operating mode of the
multiplier to perform multiplications, divisions, and obtain powers.

The main addition in circuitry to the multiplier and operational
amplifiers is the timing circuits needed to sequence the multiplier
tirough the different operations. Given some base time interval, the
incerval is divided into four subintervals. Each channel of the

multiplier will be on during one subinterval and off for the remaining
three intervals. Only three squaring operations are needed, so the
fourth channel is a spare. To prevent coupling between the channels,
care must be taken to ensure the timing signals do not overlap.
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To generate the four timing signals, a square wave oscillator and
some digital logic is needed. The oscillator provides a base frequency
and specifies the base time interval. The oscillator output drives a
toggle flip-flop which acts as a frequency count down circuit. This
lower frequency signal drives a second count down circuit and provides
a third square wave at 1/4 the base frequency. By comparing the base
frequency and subfrequezicies using NOR gates, the four timing signals
shown in Figure I are generated. The base frequency is shown as 1 klIz,
and, therefore, the base time interval is I m. Each channel is

therefore on for 1/4 ms and off for 3/4 ms every millisecond. The
schematic of the timing circuit is shown in Figure 2.

Since each channel is niot on continuously, the three multiplier
outputs must be stored over the 3/4 ms when the channels are off. This
is accomplished using a simple hold circuit. The hold circuit consists
of a capacitor connected across the input of an operation amplifier used
as a follower. The amplifier is used to provide a high impedance load
to the capacitor and to provide a low impedance output. The capacitor
charge time should be small and the discharge time long. If the base

frequency is increased the operational amplifier can be eliminated. The
capacitor is then shunted by the input impedance of a summer circuit.
The discharge time may be long compared to the base time interval. There
are trade-offs which can be made and other problems are encountered if
the bass frequency is made too high.

The wain circuit is shown in Figure 3 and requires a ±lSV power
supply. The timing circuit in Figure 2 also operates off +15V and,
therefore, contains a +5V regulator to supply the logic voltage. A
modified version of the timing circuit uses COS!MOS logic which can
operate oil +15V. The power consumption of the COS/MOS logic is also
much less than the transistor logic. The multiplexing is accomplished
using FET's as analog switches. To pass ±10V signals, the gate voltage
of the FET'S must switch between +-15V. The logic voltage is too small
to drive the FET's directly and, therefore, operational amplifiers must
be added to the timing circuit to boost the logic voltage- In a
practical circuit the operational amplifiers would be replaced by a
simple transistor or FET amplifier. In practice, one timing circuit
may drive many time-shared circuits. This is why the total circuit is
divided into two parts.

Table 1 shows somc typical test data. When both inputs are zero a
fairly large bias is present. This is to be expected since the square
root of a small number is larger than the number itself. With a bias of
.01V, a .1V offset can be anticipated at the output. The accuracy of
the data is better than anticipated. One possible reason for this is
that the same multiplier is used to calculate the squarc and square
root. The effect of inaccuracies is opposite when taking squares and
square roots. There may be some cancellation of errors.

One possible way to improve circuit accuracy is to use the spare
channel to cancel the multiplier offset. The input to the spare
channel is grounded and the output is stored. This output voltage will
be the multiplier offset. It can be subtracted from the other three
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outputs. Doing this continuously, the circuit tracks variations in the
multiplier offset. At present, this is not done. other errors predom-
inate and the effect of the multiplier offset is masked out by these
other eraors.

At the moment, the primary problem area in improving the circuit
performance is cross coupling between the channels. The multiplie
used has a 100 kliz bandwidth, but the sampled output signal is
distorted slightly. The output of the multiplier is a staircase type
of function. The corners of the output function are rounded off due to
high frequency attenuation, but of more importance is the phase shift
introduced. The output of the multiplier is shifted slightly in phase
from the input. This means the output is slightly out of phase with
the timing signals causing cross coupling between the channels. To
overcome this, the timing signals to the FET's at the multiplier output
should be shJfted an equal amount in phase. This m- ans adding a low
pass filter which matches the frequency characteristics of the multiplier.
Besides cross coupling of the channels no other real problems were
encountered. Variations in base frequency are not important. An
unsymetric square wave signal out of the oscillator causes short periods
of time when no channel is on. This causes ±.5V spikes in and out of
the multiplier. Adding a capacitor across the input of the amplifier
driving the multiplier eliminates this problem.

In conclusion, it is felt that it has been demonstrated that
special analog modules can be used in a time-shared mode. The bread-
board unit described in this paper is shown in Figure 3. A small
reduction in cost of about $20 was realized. Larger reductions in costs
appear when many time-shared circuits aepear in a system. The COSt of
the timing circuit i6 distributed over many circuits. A size reduction
is achieved due to the large size of the multipiier in comparison to
the digital logic and operational amplifiers. Also a small savings
in current drain was realized. Although the study of time-sharing
analog mod- les w is motivated from a systems standpoint, it does appear
to hold out some promise for improved circuit accuracy and much more
flexibility in designing complex computational modules.
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Table 1

ACCURACY DATA

X y ( 2  2 12) /2x (X + Y) 1/2 True ValueVolts Volts Volts Volts

0 0 .01 0

0 1 .99 1.

0 2 1.99 2.

0 3 2.99 3.

0 -1 .98 1.

0 -2 1.99 2.

0 -3 3.00 3.

1. 1. 1.41 1.41

2. 2. 2.83 2.83

3. 3. 4.24 4_9A
4. 4. 5.64 5.66

5. 5. 7.05 7.07
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DEVICE IMPLICATIONS OF ION IMPLANTATION DAMAGE iN SILICON

D. Eirug Davies and S. Roosild

Air Force Cambridge Research Laboratories
Air Force Systems Command %

L. G. Hlanscom Field, Bedford, Massachusetts 01730

Abstract - Thermal stimulated current and diode recovery measurements
are presented for ion implanted silicon. The results are used to
evaluate device possibilities suc:h as bipolar transistors and hyper-.
abrupt diodes where control of implantation damage is critical.

Ion implantation offers a doping method that promises to extend
the current state of the art of both discrete devices and integrated
circuits. The advantages of the precise control attainable over the
total dopant dose introduced together with the extreme uniformity in
both depth of penetration as well as laterally over an entire wafer
surface are .mumiate±y apparent. The greatest concern over th,
applicability of the process centers on the radiation damage that is
introdtu ed and how well it can be annealed,

In some applications such as with the self aligned gate of MOS
transistors, the implanted region does not form the active part of
the device and any residual damage after annealing should not affect
the device too adversely. This is not so, however, once the implanted
layer becomes the critical part of a device such as with the base of a
bipolar transistor or is incorporated to give a p-n junction hyper-
abrupt properties. It is weil known, for example, that deep levels
such as the gold centers affect the capacitance of p-n structures. 1

Cnnequently, implanted laye-: have been examined for deep defect
levels and the minority carrier lifetimes have been monitored as a
function of annealing temperature.

For both the defect level and lifetime determinations, phosphorus
diffused junctions are used that are then implanted at sufficiently
high energies for the ions to penetrate to the region immediately
beyond the junction. In this respect the structures resemble actual
devices where the implanted layer corresponds to the bipolar base
region or to the region that gives the junction its hyper-nbrupt
properties.

As it is the damage rather than the doping that is under examina-
tion, non-dopant ions have been used, At the high energies of - 1 MeV
that are used, the initial energ loss of the ions will be electronic in
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nature and only towards the end of their paths after being considerably
slowed down do nuclear collisions and hence lattice damage become
appreciable. In this manner, most of the damage will, be confined to
the region inediately below the junction and which is the region
probed by the measurement techniques used.

It should also be noted that even though the energies used here
are appreciably greater than those normally used for device work, the
degree of damage obtained will not be considerably higher. As the
implant energy is increased, the fraction of the total energy dissipated
in damaging nuclear collisions progressively decreases. Thus, on in-
creasing the implantation energy of carbon ions from 300 YeV to I MeV,
the energy dissipated in nuclear collisions only increa ses frorm 41 to
54 KoV.-

Thermal stimulated currents (T.S.C. have been uset . r h,: ileA-'ct
investigation. 3 The implanted satple, .-, coole,- to 78°K and lig l t
applied to fill the various defect.s. with Ir ox : . "hese carricrs are
released on heating the sample (usually at a unitorm ratc of I 'C s.ec "

and give rise to current (T..C.) peaks tha" ;arc sulerimposed on th,:
diode leakage current. The charge r'cleasc,! and heznce the size C-f the
peak, is a measure of dfc.ct concenrtiation whi', th- tocr.perature dtC

which a TSC peak occurs is rela:tcd in the dth i ('t e tiC fect level"
within the bandgap. It will 1:e seen that se'vtra'k defezts with ovei--
lapping peaks will be olse.Vable and oil ayittllig smatl1 vran ta.ons I I

the TSC peak temperature Occu:"'. 'fhi,; vtiaLioll, which should not ar'sc'
if the defect energy renain-3 constant, is ,Itributcd lo the in)fluence
of other partially oveilalp, in uL peaks and whose rat, ct growlh or
annealing differ.

Figure 1 show;s the T'SC's obtained frotm "u r da'ta, l diodes. 'ih '
were recorded prior to and afttr -nnetiirg to the temnertures indi' aed
in the figure. Being of nearly s.:tmi lar mas-s, tic piosphorts, r.h e silfur
damage should be indicative of pi;0-spioruS damage and I he d-,SO eetiir 'd
for hyper-abrupt applications; ii I. bI' c lose to the I.SxlO i tns cnC-
used here. The TSC peaks shown represcent 'Levels rangi.irg fro; .25 eV o
.38 eV deep, The large cirrent scen at .he hig r ictY iratit.es i s the
rise in the dark current of the diode a. ii is heatcd towards room
temperature.

Other implanted ion'; give riste to nilP levels. The most nci::Ble
difference has been seen with the livhoher crbron a-'d ov . o'

an additional level giows in at - .4 eV whiic the intermediate peak
obtained - 140 0 K does not show the appreciablc growth that 1 s seen acyr
for sulfur.

From the device viewpoint, what is iwpnrtat is, whether these
defects can be annealed out. As can be sen, annealing op to -- 250';&
serves to fort, additional rather than ni-il out ti.e initial concentra-
tion. They are still present to greater t),thl Lce fA ' -Mt'mca I COT.'eiltra-
tions at 4000 C (not shown) but are larg.ey iavncil id b 5'\10'. Non -
electrical measurements such as Rutheri'ord backscatterfnv indicate. that
low dose daittage anneals between 200 and 400'C 2 wit.le the present rs..;ul _
clearly indicates that device quality layers ar,' net obaine-d unless
annealed to at least SO00C.
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For the carrier lifetime, the reverse recovery pulsed technique is
used. Usually, the lifetime can be considered as being fairly uniform
over the low doped side of a diode. Obviously, this is not so here and
most of the effect of the ion damage will be confined to a micron or so
wide layer immediately below the junction. Even within this region the
lifetime can be expected to le non-uniform and exhibit some form of
Gaussian distribution. Despite these difficulties, the indicated life-
time from the measurement will accurately pinpoint the annealing
required to restore the lifetime to its pre-irradiated value.

Annealing of the minority carrier lifetime is shown in Fig. 2. The
example given is for carbon (similar mass to boron) and implanted to a
dose that approaches that required for a bipolar base. As can be seen,
the lifetime recovers to values greater than 1 ws and matches that in
similar but unirradiated diodes by 600-650"C. Thus, the daumage does
not inhibit the lifetime from recovering to values that are adequate
for base transportation.
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. VARACTOR-TUNED RF AMPLIFIER INTEGRATED CIRCUIT
FABRICATED USING ION-IMPLANTED DEVJICES

John W. Hanson, John D. Macdougall and Oleh Tkal
Research and Development Center

Sprague Electric Company
North Adams, Massachusetts 01247

ABSTRACT

Ion implantation has been used in the fabrication of
components for a varactor tuned RF amplifier integrated cir-
cuit having a gain of over 20 dB and tunable from 50 to 76
Mliz. The amplifier was designed to establish production
capability for this type of circuit, and consists of varactor,
resistor and dual-gate MOSFET devices on a 48 by 60 mil chip.
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An R amplifier integrated circuit has been designed for
a production engineering measure in progress, the objective
of which is establislment of production capability for ion
implanted circuits. The amplifier circuit consists of a dual-
gate MOSFET transistur, a voltage variable tuning capacitor
(varactor) and resistors. The circuit schematic is shown in
Fig. 1.

The circuit was designed to be suitable for the front-
end of a receiver for the 50-76 Mhz band. The input circuit
is electrically tuned by the varactor. Thn dual-gate MOSFLT
provides power gair and the resistors are ir biasing the
MOSFET and the varactor.

The incorporation of a high quality varactor on the same
chip as the MOSFEr and resistors makes this cir-uit un nuc.
The specific requirements for the varactor in the IC were

Q > 70 at -2.5 volts, 50 MHz,

C C(2 volts) 35 -4.0
R C(12 volts) .

Ire v =-- 100 nA at -12 volts, 25oC.

Ion implant doping was used in fabricating the varactor, which
made possible a hyper-abrupt junction and a high Q device.

Ion implantation was also used to fabricate all the
resistors0  This made possihle small, high valuc resisto.r,
which were desirable to minimize loading of the input tuned
circuit. The use of ion implant for MOSFET threshold voltage
adjustment was also investigated as part of this work. Both
enhancement and depletion type MOSFET's were studied in the
RF amplifier IC.

A picture of the IC chip, which measures 48 x GO mils,
is shown in Fig. 2.

The IC was made with an n+ substrate on which a 4 RM
thick, 4 S-cm n-type epitaxial layer was grown. The varactor
was fabricated as a p+-n hvnr-ahriit junction diode. Ion xw-
planted phosphorus was used as a low concentration pre-deposit
to dope the n-epitaxial varactor region. The phosphorus was
then driven in so as to provide a concentration gra ient, with
the donor concentration varying from about 1017 cri-9 at the
surface to 1015 cm- 3 at a depth of 2 [LM. The p+-region was
formed by ion implanting a high dose of boron ions, followed
by a high temperatute anneal step. The resulting p+-n junc-
tion was located approximately 0.4 aM from the silicon surface.
Varactor series resistance was kept small through the use of
the low xesistivity n+-substrate material.

A capacitance-voltage curve for the varactor diode in
the IC is shown in Fig. 3. For these devices, the capacitance
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ratio CR - 3.5.

A dual-gate MOSFhT transistor is an ideal device for an
RF amplifier, because of its high gain, low noise and small
cross modulation. Tha MOSF-T chosen for this circuit was a
p-channel diffused device having a channel width-to-length
ratio - 500. A fairly conventional aluminum gate, SiO 2 di-
electric structure was used. The transcon'ductance for these
devices was about 7000 |Lmhos,

Threshold voltage adjustmun through the use of ion im-
plant channel doping [1] was used to evaluate the merits of
lower gate 1 and 2 bias voltages. A p-channel device having
a threshold voltage VT = 3.5 V required VG2S = -10 V and
VG1S.= -7 V in order to bias it in a high transconductance
region. If the threshold voltage were lowered to about
V_ 1.5 V (by ion implant, for example), the bias voltages
were VG2S , -7 V, VGl S - -4 V. Depletion-mode devices were
also made by channel doping with a low dose of boron ions.
MOSFET's were made which operdted in a high transconductance
region with VG2S = -4 V, VGI S = 0 V.

The admittance "y" parameters were measured for discrete
p-channel dual-gate MOSFET's as fabricated on the IC. From
this, the maximum available gain MAG was calculated and found
to be about 33 dB at 50 PHz and 27 dB at 76 MHz.

Resistors in the IC were p-type, boron ion implanted. A
sheet resistivity of 2.5 kQ2 per square was chosen for the
resistors, based on considerations of TCR. junction capaci-
tance aid junction breakdown voltage.

2he RF amplifier IC's were packaged in 12 lead TO-5 type
cases and their performance was evaluated. A single 12-volt
supply was used for biasing and input circuit- tuning. The
measured power gain was greater than 20 dB at 76 MHz, for an
input power of -40 dBm. The total power dissipation of the
IC chip was less than 200 mW. The measured noise figure at
70 Mz was approximately 3 dB at a gain of 20 dB.
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COS/MOS FUZE TIMER COMBINES SCR

AND ANALOG VOLTAGE DETECTOR ON SINGLE IC*

by

R. Fillmore N. Cutillo
RCA Solid State Division Picatinny Arsenal
Somerville, N.J. Dover, N.J.

ABSTRACT

An integrated circuit for the XM56 mine system com-
bines complementary MOS and bipolar technology to provide
analog and digital timing functions with a monolithic SCR
output device.

SYSTEM RFQIJ IRMENTS

The system requirements for the XM56 electronics are:

a) Interface with and detect time delays gener-
ated by two E-cell tiring devices. One delay
shall provide circuit arming and clarginQ of
a firing capacitor. The other E-cell delay
shall provide for self-destruct at the mission
completed time.

b) Piscriminate over-run time duration and pro-
vide output upon over-run or .7 , whic veu--
is less, for over-run greater thaA T . A
secondary input (anti-disturbance) pfoviding
a 17 T time delay until dctonation, regard-
less o} duration, sl,all also be provided.

c) Include output capability of 5000 ERGS for
T20El detonator from 120 microfarad capacitor
at 5 volts.

* This work was supported by the Department of the Army,
Picatinny Arsenal
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d) Include low-supply voltage detector for self-
destruct if battery voltage is less than 5.6
volts after arming.

e) Operate from 6.75-volt 5-milliampere-hr.
battery for mission duration.

ANALOG DETECTOR CIRCUITS

E-cells, electrochemical devices used for timing ap-
plications, provide a changing electrical characteristic
after prescribed charge transfer occurs. These devices
consist of a cathode and an anode inmnersed in an electro-
lytic solution. During plating, the device has a low im-
pedance and a voltage drop of 30 millivolts. After plating
has ceased, the device impedance increases and 800 milli-
volts is the typical device voltage.

E-cell voltage changes are difficult to detect usin
MOS transistors because the final voltage is less than the
typical MOS threshold voltage. The circuit described below
utilizes the substrate effect in a unique push-pull
arrangement to detect the E-cell voltage change and trans-
late this change into levels compatible with the MOS cir-
cul try.

r. ,,7-cell uutec.to in F-g. si(a) operates in the
following manner: Device N is connected in a bias cir-
cuit with an external diode. The gate voltage of device
N2 is:

Vg 2 = VD + VN th + Ks (VD-VI) (1)

where Fs is the substrate effect constant in

volts per volt of source reverse bias.

The source voltage of N is the E-cell voltage (V.),
woich is initially 0 volts. 2The threshold voltage of dIe-

V N2 may be described ab fulluws:

V TH = V TH + KS (V ) (2)%N2  N SVE

N 2 will turn off when Vgs2 <VN2 TH

0 N TH + KS (VD-V) - VE  (3)

cVN T1 + KS (VE)

The effects of the actual threshold voltage cancel
and switching occurs when:
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VE  (1 + KS) (4)

For K = 1 volt/volt, switching will occur for an
E-cell volage equal to 2/3 the external bias (V ). For
a 0.5 volt diode, VE = 0.33 volts, and thus the Rircuit
will detect as the E-cell voltage makes the transition
from 0 volts to 0.8 volts. Switching is very rapid due
to the push-pull action of transferring substrate effect
between devices.

The low-supply voltage detector in Fig. 1 (b) util-
izes the same basic concept. V , (V D-V ) in this case,
is chosen such that device N2 Aoff, UanD henca, for a
given VZ, the supply voltage at detection equals VZ +
VE. The integrated circuit has a zener diode fabricated
on-chip and an external limiting resistor to provide con-
trol of the sampling current. Present COS/MOS processing
does not allow fabrication of forward biased diodes for
the bias circuit without parasitic transistor action,
hence an external diode is required.

Each integrated circuit contains two E-cell detect-

ors and one low--voltage detector-.

TIMING LOGIC

Fig. 2 illustrates the logic functions of the inte-
grated circuit used for discrimination of input duration
and control of delayed firing. A COS/MOS RC oscillator
provides an accurate time base (TI ). A logic 1 at the
over-ride input will start the oscillator. FFi divides
by two and is the clock for a divide-by-8 counter and T1
discriminator (FF2). Output "Y" from the counter will
cause detonation at 17TI while FV2 recor-ds T1 and wiil
cause detonation if the over-ride signal is removed after
TI. The anti-disturbance input utilizes the saine count-
down path so that the over-ride time delay dominates.
Transistor count is greater than 150 devices.

OUTPUT

The output section of the integrated circuit, Pig.
3, consists of an SCR device, fabricated by means of the
standard COS/MOS diffusion profiles, and control cir-
cuitry.

The signal from the arming E-cell detector controls
device Pi, and allows charging of the firing capacitor
after the arming delay. As the firing capacitor voltage
reaches the threshold voltage of NI , device N2 is parall-
ele , with the 20-kilohm shunting resisLor, providing a
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I
low-impedance shunt, while the capacitor voltage is ap-
plied to the SCR anoce.

Firing signals firom the timino. logic, LVD, and end
of mission E-cell :ictecto are ORP'd for turn-on.

The SCR is a composjite lstecal-vr..ical-hipolar
transistor with a PMOS transjstor shiunting the p-n-p
emitter-collector. iTsu.-or jc pr edominantly by me-ans
of MOS transistor P.,.

X.

Typical ON resistance is two ohms.

Breakdown voltage is greater than 15 volts.

PE RFORMAkNCE

Packaged in a 16-lead DIC, the circuit rcquiires
external. timing resistors, tining and tiring capacitors,
LVD sampling resistor, and bias diode.

Current drain for the analog functions is less than
80 iricroamperes. The quiescent current drain of the COS/
110S logic is les; than iO microamperes. Peak firing
current from a 120 microfarad capacitor at 5 volts into
a 3-ohm load is one ampere.

Fig. 4 illustrates the distribution of low-supply
voltage detection fo 58R i/Dits,

Circuits have been delivered in quantity in both
coaenercial and high-reliability grades. The engineering
design test results for the system electronics are summa-
rized below.

ENGINEERING DESIGN TEST RESULTS
introduc Lon

Th' XM56 Aircraft Mine Dispensing Subsystem is an
aeriall. delivered sca.Lterable mine system d issr-nsing
al ci-tank, anti-vehicle mines. The XM56 electronic module,
including battery, connectors, printed circuit hoard, ex-
ternil component2, and integrated circuit, was tasted
with the following resuilts:

Tet Procedure

Aircraft Vibration - MIL-STD- SN0B
Tz:ansportation Vibration - M1IL-STD-331
Temperature Conditioning - +12501' to -25oF
Rough Handling - MIL-STD-331
Jolt and Jumble - MIL-STD-31
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Results

After being subjected to the above environmental
tests, the items were electrically armed and allowed to
time-out for self-destruct. The results of these tests
were:

Arming - 96.3%
Self-Destruct - 98.9%

Mines were also ejected from a helicopter and sub-
jected to anti-tank, anti-vehicle over-runs and anti-
disturbance functioning with the following results:

(Reliability (Point Estimate)
Anti-vehicle *20-8s. 8%
Ati-tank 98.6%
Anti-disturbance 93.0%

*Dependent upon speed of vehicle

Failures in the above categories were determined to
be caused by faulty components, such as switches and
connectors, and to poor solder joints on printed circuit
boards.

The electronic circuit has an over-all reliability
o Vf .6 picent (point estimate). There were no failtres

directly attributed to the integrated circuit.

CONCLUS IONS

The developmental work under this contract has demon-
strated the feasibility of integrating low-power comple-
mentary MOS logic circuitry with SCR output capability.
The ability to perform both analog and digital functions
on a single integrated circuit makes; COS/MOS the ideal
choice for low-power, battery-operated, portable systems.

357



3:81IBAS RESITOR

I "(., 1 TWMING

EXTERNAL L~ N2N-L

DXEIODE + D-E EXTERNAL CONNECTION

Fig. 1(a) -E-Celi DtteCtor.

~ L7

-ISIARSITO

Z~.ETPA CONNECTAO

Fiq.~~~~~~~E 1b)-L-1Ia ENrt~tr

3IO8



T CT

INU F T OUPU

LV 0

Fig. 3 upu oieitc

L NU 151 

59



300

244

U)
- 200

]179

L
0
IZ 116
m 100-

o-
24

170 2~
6.31 59 57 55,

6.2 60 5.8 5.6 5.5.4
LOW-SUPPLY DETECTION VOLTAGE-VOLTS

Fig. 4 - Low-Supply Voltage Detection Distribution.

360



A COMPUTER-AIDED METIOD 0FOR THE DESIGN

OF A WIDE CLASS OF MICEOWk!E IJPR.3: AlND FITTERS

Berry I. Spiel]an

Naval Research Lai.koraj y

Washington, i. C. 20390
(202) 767-3,;26

ABSTRACT

A numerical method, suitable for use in the computer-aided
design of a wide las s of microwave filters and couplers, is
presented. The convergence characte'3 sties of the method are
illustrated. 'Thre performance chtacleristics of two directional
couplers, designed and fabricated based upon results generated by
the method, are showa. One coupler employs a configuration of
microstrip over a slotted ground plane. The other coupler employs
a "reduced" ground plane, with oversized microstrip lines.

INTRODUCTION

This paper describes and demonstrates the usage of a computer-
aided method for designing microwave filters and couplers employing
uniform, coupled sections of a wide class of transmission lines.
Included in this class are microstrip, slot line, sandwich slot-
line, and coplanar waveguide. Previously, efforts to incorporate
the latter three transmission media in couplers and filters have
been substantially empirical [1], [2], [3].

FORM ULAT ION

The coupled transmission line structures treated in this
work are characterized by the admittances and phase velocities oi
the evei, and odd modes of propagation. In terms of these
quantities it has been shown how to design microwave directional
couplers and filters [4].

The method developed in this work for computing these
admittances and phase velocities is described as follows.
Consider a specified configuration of dielectric loaded, coupled
transmission lines in terms of which it is desired to design a
directional coupler or filter. Now consider a second structure,
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obtained from the first by fictitiously removing the dielectric
regions, but retaining the same conductor geometry as In the original
structure. This second structure will heretofore be referred to
as the empty structure. For both the original and the empty
structures quasi-TE2I propagation models are Invoked for both the
even and odd modes of propagation. By virtue of these models,
for each structure the even and odd mode transmission line
capacitances to ground are computed in terms of scalar potential
functions. Finally, the necessary admittances and phase velocities
of the original structure are computed in terms of these capacitances.

The computational scheme is now described in somewhat greater
detail for an arbitrary configuration of dielectric loaded coupled
transmission lines. The cross section of this configuration is
illustrated in Figure l(a). The cross section of the corresponding
empty configuration is shown in Figure 1(b). The application of
quasi-TEM models to the even and odd modes of both configurations
allows for mode excitations to be defined in terms of voltages.
Hence,

VI = V2  i

even mode excitation (1)

v3 = 0 3V3O

and

VI = -V2 - 1

V= 0 odd mode excitation (2)

Here, VI, V2 , and V3 are the voltages shown in Figures l(a) and 1(b).

The computation of the even and odd mode transmission line
capacitances, for a designated line in each of the two configurations,
is accomplished as follows. The voltage excitation schemes from
(1) and (2) are impressed on each configuration yielding four
different distributions of scalar potential. The potential at any
point P, in each of these four distributions, is of the form

1,' is

Here, a is some equivalent source distribution which, for a
structure of conductors and dielectrics, is the sum of free and
bound charges. This source distribution lies along the boundtries
of conductors and dielectrics. R is the distance between an
equivalent source point, at path location t, and the point P.
k is a constant defined, due to numerical considerations, as

k >R (4)

362



where Rm  is the maximum value possible for R when P is constrained
to lie at source points. The equivalent source distribution,
corresponding to each of the four potential distributions and its
corresponding excitation, is discretized and ultimately computed
by a moment solution. The moment solution chosen here cmbodies
a pulse function expansion of each source distribution and poinr
matching of the boundary condition:.. The capacitances to ground

for the even and odd modes of the original and empty configurations
are ultimately determined from their corresponding equivAlent nource
distribution by strategically applying Gauss's Law at the conductor
boundaries shown in Figures 1(a) and 1(b).

It is now shown how tlese two sets of evei, and odd mode
capacitances, comprising the four cases previously mentioned, are
used to compute the even and odd mode admittances and phase velocities
for a configuration like the one shown in Figure l(A). Let the even

and odd mode capacitances to ground for one of the transmission
lines in Figure l(a) be represented by Ce and C , respectively.

Similarly, for the corresponding transmission line in Figure l(b), let
the even and odd mode capacitances be represented by C and C e,
respectively. Define the even and odd mode transmiesio line
admittances for the configuration in Figure l(a) according to the

expi ession

Yi = v (5)

Here, "i" can be either "e", for the even mode, or "o", for the
odd mode. The phane velocitien v and v CaLL VU expressed as
shown in (6). C 0

_1
viv r L (6)

where the subscript "i" is defined as it was for (5). The
transmission line inductance, Li, introduced in (6) is defined
implicitly by the expression for the phase velocity in the empty
structure in Figure l(b). Thus,

1
c L (7)

in (7), c is the velocity of light in free space. Finally, the
admittances and phase velocities for the designated transmission

line of the. configuration in Figure l(a) can be expressed

succinctly as

Yi ='o iteh7i  (8)
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and

vi-c - (9)
ci

It is the quantities Y and vi which are pertinent to coupler and
filter derign.

The method described here has been programmed in Fortran IV
for use on the CDC 3800 digital computer at the Naval Research
Laboratory Co;nputation Center. The matrix calculation portion
of the program is a modification of a routine due to Pontoppidon [5].

The convergence of the method is illustrated in Figures 2 and 3.
These figures show the variation in computed line impedance and
phase velocity as the number of equivalent charge functions is varied
on the strip and ground plane of a nominally 50 ohm microstrip
line. Values due to Bryan, and Weiss [6] are shown for reference.
Convergence here produced agreement to within 3 percent
compared to the reference values.

EXAMPLES

a. Microstrip-slotted ground plane configuration

A directional coupler was designed using computer results
enerated by the method described in the previous section. The

coupler was fnhrbl.cnred on a 2"gl"x0.02" portion of alumina
substrate using thin tilm techniques. The circuits on each side of
the substrate are shown in Figures 4(a) and 4(b). The configuration
used here is a variation of that used by Garcia [3] in a
wideband, quadrature, 3 dB coupler developed empirically. The
performance of the coupler developed in this work is illustrated
in Figures 5(a), 5(b), and 5(c). The designed-for midband value
is 5.4 dB, while the measured value is 5.3 dB. The coupling is
6.0 + 0.7 dB over a 60 percent bandwidth about the midband
frequency. Over more than an octave band, the return loss is 19.5
dB or better and the directivity is better than 14 dB. It is to
be noted that this device is the result of a single design attempt
using the computer results.

b. Reduced ground plane microstrip configuration

A second directional coupler, designed using ti.e method
presented here, was fabricated on a 2"xl"xO.025" portion of
alumina substrate. The double-sided circuit employed is shown
in Figures 6(a) and 6(b). Due to the non-optimal transition from
narrow to wide microstrip, shown in Figure 6(a), the return loss of
this coupler was originally 16 dB or better over the range from
2 to 4 0Hz. The return loss characteristic was improved to that
shown in Figure 7(b) by a simple tuning technique. The
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j performance of the coupler developed here is shown in Figures 7(a),
7(b), and 7(c). The designed-for and measure value of midband
coupling is 6.8 dB. The coupling is 7.2 + 0.4 dB over a 56

1 percent bandwidth about 3.125 GHz. Over the octave band shown in
Figure 7, the return loss is 23 dB or better and the directivity is
13 d3 or better.

3I

tI

tI
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Figure 4 Microstrip S)lotted-Cround Plane Coupler.

370



TRANSMITTED SIGNAL
-j-

U- -S- 5 - COUPLED

F-~ S I GNAL

-8/

FREQUENCY GHz
(A)

-J-5

0U-

u--35 I I , I .,, , i

2:3 4 5
FREQUENCY GHz

(B)

m 20

0
-25--

--30

2 3 4 5
FREQUENCY GHz

371 (C)

Figure 5 Performance of Microstrfp Slotted-Ground Plaie Coupler.



Imm

Figure 6 Circuit 'o~r RcduC~Cd Ground Oanc Mic%:rostrip Coup'.er.

37 2



C) TRANSMITTED- "-,--".AV SNAL

--T, -G %G NOLi

z - i C .-

m -

34
%6:R%(AJtENCY GHz

Ofl -Ii . .. ..
qOx

Cf.-

FREQUENCY 3Hz

-3 -

-3(J) - I

--
I.,-

23 4

FREQUENCY GH,.
(C2

ligure 7 Peforlzncc oi Redjuc.rd GrouId P'lat Mic .i :rip Coul)er,

373



MICROWAvaE INTLEX3RAT;ifl FI!,hXS

R. Ii. Jones & R. A. Moor,.

Westinghouse Defense & ElectroniLc SE'zitci-s Cenlter

Baltimore, NatryLznd 21203

ARS TRA CT

Passive high Q filter eleaiiente capable of' sa-i;sfactory performance in
the Microwave Integrated Circliit area are restricted to dielectric and YIG
resonafors. However, temperature enevirora.t-nt mvy lirit their usefulness un-
less ceitair, techniques are utilized in the *-i-ign and fabrication of these
1.0. filter elements.

INTRODUCTION

?hysicaa dimensions of microwave filters hiave btz ; gignificantly
reduced by the use of integr&' ed mirczu~ Howvezy reducing the
cavity slze to an extent cuniparable with other rnirLiatUxiZe6' Clelets Usually
results in a drastic reduction in 0. In1 coniCrest to wavegide componezats for
which Q's range between 5,,000 and 15,000), jiicrostrip transrmission cir-nIt
resonator Q's range betweuai 1CC to 3,-". There are, n5wertheless, &ignificant
1.0. applications for which Q's conmparabDlo to waveguidv values are required,
i.e. rcqtu.re hig h Q passive filters. Jbhgh Q's are- nece,'.itatei uIen band-
width~s of 0.1% or less ave deeirec:.

Passgive high Q filter tyzsusefu lk £0t integrated ;microwave circuits are
limited to the following:

2.Dielectic
2. YIG (tr n lo:G~nt

However, temperature envionneA. can rtm,0rit. their us-efulness unless these
.filto~rs are designai bay specific gtiide2 nes.
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DIELECTRIC RESNATORS

Low loss, high dielectric constant objects will resonate in a micro-
strip configuration for sizes more than an order of magnitude smaller than
the iaveguide cavity equivalents. The dielectric resonator is the electro-
magnetic dual (E & H fields are interchanged) of the metal wall cavity.
Microwave energy will be confined to a region in and near the resonator
provided the dielectric constant is sufficiently high. The disk geometry
has been found most suitable for integrated circuit devices. With proper
choice of length to diameter ratio, a disk insures a large frequency separa-
tion between the fundamental resonance mode, TE 0 5 and the next higher order
mode. Radiation losses are suppressed for suffiiently high dielectric
constant material (er o-80). High unloaded Q (Qu = 1/tan 6) will be obtained
at microwave frequencies, if the dielectric constant is large (er - 80).
Unloadad Q's, Qu, of 3,000 to 10,000 arc available from such single crystal
materials as futile, TiO2 (tan 6 -; 0.0001). A microstrip S-Band double pole
filter configuration is shown in Figure 1. All coupling from line to disk
and disk to disk is magnetic or dipole type. The butterworth filter has a
frequency response at 2.3GHz as shown in Figure 2; an insertion loss of
2.4db and a 3db bandwidth of 4.61.iz. The temperature sensitivity by the
following oquation:

af --

wh're c,. = er ('T)

At S-Band frequency, rutile has a TCK (temp. coefficient of permittivity)
of -1000 PPM°C over 50 to 100 C, which can be translated into a 5OMHz change
in center frequency-. This tuLporature sensitivity has limited, to some degree,
the usefulness of h.. dielectric filters.

However, advances in obtaining a temperature stable materials are being
made. Usually materials with high Er also have negative TCK such as rutile;
nevertheless, materials with fairly high 'ermittivities with positive TCK do
e.g. Ei4 Ti 01? and Ca Ti Si 05. Mixing of materials (one with high positive
and the oth~r igh negative TCK) in the proper volie fraction will result in
a temperature stable (low TCK) material. Usually .h. c is reduced below a
value which is useful for microwave filter applications. The most promising
material (froan the standpoint of obtaining a low loss, high dielectric con-
stant, temperature stable microwave dielectric) investigated to date is
Bi 2O3 Ti0 2 CaOZrO 2 . The characteristics of this material as well as others
investigated at Westinghouse will be discussed.
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YIG FILTERS

YIG resonators make use of bulk gyrornagnetic materials and are typi-
cally formed into spheres which are 20 to 50 mils in diameter. For numerous
integrated circuit applications, permanent magnet (rather than electromag-
netic) bias would be used except for its extreme frequency sensitivity over
a given ambient temperature range (typically 1 to 21i{z frequency drift per 10
C change in temperature at C-band frequencies).

Tis paper describes an integrated circuit, C-baid douole-pole Y1G
filter' with a permanent magnet biasing source. This filter has been temj1 er-
ature stabilized by a simple yet effective method which simultaneously com-
pensates the permanent magnet and YIG rrsonator. This planar filter shown
in Figure 3, consists of two shielded microstrip transmission lines separated
by a metal wall. The LF transmission lires are deposited on an alumina
substrate with the YIG spheres and the poitioning rods imbedded in the up'per
dielectric medium. At resonance, energy is coupled from the input line to
the first YIG. The first YIG, then radiates a circularly polarized field
which propagates thru the metal iris and ccuples the energy to the output
line. The purpose of the coupling slot is to prevent direct coupling from
the input to output line.

A method has been developed for temperature stabillzing the resonant
frequency of the YIG filter which eliminates the need for temperature con-
pensating shunts on the permanent magnets anO high precision X-ray orienta-
tion of the YIG sphere. Instead of eliminating these two effects, this
technique uses the temperature sensitive anisotropy of the YG to cancel
the corcesponding change in the biasing field. No pre-orientatinn of the
YIG a~Ona a prefcrred cwntesblline axis is rcquired. The YIG sphere is
merely rotated to a position such that

LIH AH
Ho +F(e)__ (2)
6T 0 (2

where

F () Ha = effective internal anisotropy field (oe)

Ho = external magnetic biasing field (oe)

H = temperature dependent anisotropy field (oe)

Once this is acccmplished, the center frequency of tie filter is
stabilized to _ lt,-z over the temperature internal of t- 200 C to 700 C,
as shown in Figure 4. This represents a reduction in the drift by a factor
or 50. Interpole tracking of the two resonators wan better than 4 1Hz

over the 1000 C temperature interval.

CONCLU3ION

I.C. Dielectric and YIG filters demorstrate characteristics which
ma1 :e them valuable for Microwave Integrated Ci uit design.
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QUASI-LUMPED MICROSTRIP DIRECTIONAL COUPLERS

R. E. Neidert

Naval Research Laboratory
Washington, D. C. 20390

(202-767-2180)

ABSTRACT

Theoretical and expeximental results are presented on quasi-
lumped directional couplers in micrustrip, employing interdigitated
capacitors as the coupling elements. The principal advantage of the
technique is that tight coupling can be produced, ir small size,
with straightforward, single-step, photolithogr:phic processing.

INTRODUCTION

The lumped interdigitated capacitor on microstrip las been
discussed by Alley [i, and a quasi-lumped directional cc-,pler has
been described briefly by Peppiatt, Hall, and McDaniel [2]. Combtni.ig

and exteditng these uwo ideas has puoduced a usetul microstrir
component.

TWO-CAPACITOR COUPLER

An example of the experimental microstrip coupler developed in
this work, shown in the Figure 1 drawing, consists of transmission lines
on a dielectric substrate above a ground plane. Interdigitated
capacitors are shawn as coupling elements, separating the main tran-

mission lines far enough that there is no significant direct coupling

between them.

Figure 2 shows the electrical equivalent circuit of the micro-

strip configuration. The Even and odd Mode analysis technique,

summarized in [3], is a convenient method for the solution of the

performance of circuits of this type. To review briefly, the ABCD

matrix relates circuit input quantities to output quantities according

to
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Ha L W (1)

The ABCD matrices of the even mode circuit and the odd mode circuit,
shown in Figure 3, are determined independently. Even and odd mode
transmission and reflection coefficients are then determined an, used
to calculate the emerging voltage vectors (b1 through b4 ) at thr
terminals of the four port network. The even and odd mode ABCD
matcrices are the following:

Li - cs e jz0 sinl 01 (2)e Jco sin G Cos 0

and

EcA --  O s 0 - 2 (LC ZO s i n 0O U 4 j Y '  cs-WoiBjZosin 7

11 D 0 wcos D + Y sin 0 - 4--C2 Zosin coso-2uCZosin]

(3)

where w ij radian frequency and the other terms are as defined in
Figure 3. For the coupler shown, the condition for infinite isolation
(b2 = 0) and perfect match (bI = 0), occurring simultaneously, is that

1

tan 00 - woCZo (4)

where wo Is the radian frequency of infinite isolation and 00 is
the electrical length of the interconnecting transmission lines at
that frequency. When this value of 0, is inserted into the equation
for the voltage emerging at Port 3, the value of voltage coupling at

w. is determined to be

b 3 = cos 00 (5)

Using the circuit values obtained from the desired coupling value at
o, the complete performance versus frequency may be determined directly
from the general equations given in Figure 3.
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Figure 4 gives the computed response of a directional coupler
of this type, whose values are selccted for 3 db coupling at 1.250 MHz
design center (C = 2.54 pf and 0o = 45 degrees). Useful baudwidth
is about 10%, length is only one-eighth wavelength, and width is that
required to assure negligible direct main line coupling. In general,
capacitance values are small - a few picofarads at 1 Glz - with

required values decreasing as frequency increases a,., ab coupling
loosens, mnking the capacitors realigable using interdigitated capacitor
techniques on microstrip.

The photograph itt Figure 5 shows two quasi-lumped microstrip
couplers on .025 inch thick alumina substrate. Data from the upper
unit, a 6 db coupler at 1450 11Hz, is given in Figure 6. The capacitors
have 22 fingers, .060 inch long, with .0035 inch wide lines and .0014
inch spaces. Data for the lower unit is given in Figure 7. The
capacitors have seven fingers, .230 inch long, with .0022 inch wide
lines and .0014 Inch spaces. This measured data has been compared
with computed response curves in each case, in order to establish
whether the coupler bandwidth may be significantly affected by the
capacitor form factor (length to width ratio). The computations
assumed frequency independent capacitors, while the actual capacitors
used show some frequency dependence, which Is related to form factor.
However, bandwidth deviation from computed values was negligible for
both capacitor types. Therefore, it was concluded that increasing the
number of coupling elements should be investigated as a means to
achieve wider bandwidth.

THREE-CAPACITOR COUPLER

The analysis for a three capacitor coupler was carried out using
the procedure described earlier. Figure 8 shows the equivalent circuit
of the device analyzed. The simplifications use8 were that the two
end capacitors are equal. and the four interconnecting lines are of
equal length. The equations for the even and odd mode ABCD matrices
are the following:

Odd

A = [(4 2 C1 C2 Z 2 - l)tan20 - (4u)C1 Z0 + 2wC2 Zo) t + + 1] Cos 2

B = j(-2(uC2Z2 tan 2 0 + (2Zo)tane] cos0 (6)

C= j8u3 2 2 u ta 2 0+(Y 8CU2 C27 8w2 CCZ)a
i~s 2 o - a 2  2 0 - 1 0C 1 C~ 2Z ta0

+ (4 CI 4 ?WC2)3 cos
2 0

D=A
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Even

A - cos 20

B = JZo':in 20

C = JY sin 2e

D=A

Solving again for the condition of infinite isolation and unity
VSWR, which occur simultaneously, provides the following:

2(0 CIZo(C1 + C2 ) ±4 4w2 C 4 Z 2 44I 2 -C 2
2

tan1 2 (8)4w2C1 2C 2 Zo0 + -C2 -2C I

Two poles of isolation are apparent - one for the positive sign before

the radical and one for the negative sign. The two poles may be

simultaneously located at the coupler design center frequency by

requiring that the term under the radical be zero. The resultant

condition is that

C2 = 2C I V W2Cl 22 (9)

For perspective, Figure 9 gives a plot of a specific case in
which f is 1250 MHz and Zo is 50 ohms. Coupling values from approxi-

mately ZO db to 0.5 db are shown, with Cl values from about .02 pf to

2 pf. The line length required is also plotted and C2 is assumed to be

the value given by equation (9) . The 50 ohm, 3 db coupler case, with

both isolation poles located at 1250 MHz, requires C1 = 1.1 pf,

C2 = 2.4 pf, and G = 56.7 degrees. The computed response is plotted

in Figure 10, where it is compared with the computed performance of the

two capacitor coupler,

Other coses may be of interest in which the simultaneous location

of the two poles of Isolation at fo is not the primary design criterion.
A zero db coupler may be produced, for example, with parameters which

are equivalent to a tandem connection of two-capacitor 3 db couplers,

having a single pole of isolation at f . A 3 db, three-capacitor

coupler with all capacitors equal may also be produced. Although it

has only a single pole of isolation at fo it , bandwidth is slightly

greater than the two-capacitor version. All of the couplers described

have 90 degree phase difference at fo between the direct and coupled

output ports.
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SUMMARY

An analysts technique for multi-capacitor directional couplers
has been presented which may be extended to any number of coupling
elements, A teclhnique of fabrication on microstrip using interdigitated
coupling capacitors has been demonstrated, with measured results in
agretnent with computed performance. In many relatively narrow band
applications, the use of this coupler design can clcminate the cross-
over complication and/or the larger size of other types of microstrip
couplers.
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VARIABL_ D1SPIK310X'I SANDFJ-LUIE

J. Al. $chellenberg and ',. R. Jones

Westinghouse Electric Corporation

Baltimore, Maryland 21203

AWJTFACT

An 3-Band variable dispersion meander line circuit has been developed.
The amount of phase dispersion can be continuously varied while maintaining
an excellent impedance match over a bazndidth well in excess of an octave.
This device has been used to s )pres second harmonic power generated in
amplifier chains.

INTRODUCTION
This paper describes a variable nhae dispersion device for us in

suppressing second harm:onic power generated in power amplifier chains. Due
to its variable dispersion characteristic, this device also has possible
application as a variable phase equalizer or as a variable time delay device.

The approach for second harmonic cancellation is illustr ated in
FiEure i. WJith the variable phase dispersio. device (called "harmonic phase
adjuster"), the phas e relationship between the first and second harmonics
can be controlled. When, the .hase is adjuste( pzoperiy, the second harmonic

pzwer generated in the output apli ier vi11 be cancelled by the injected
secon6 harmonic sirnal. Thile, in general, it is necessary to control the
amplitude as well as toe phase of the injected harmonic to achieve complete
cancellati n, a reduction of rnere thnn if) dBl in the sccond harmonic content
of an output ampl ','er has been demonstrated] by adjusting only the phase of
the injected h: -ionic,

VARIABLE DISPELz3ION IfFAN:DTR-LIN 3

The meander line circuit considered here is a planar circuit
generatea by win.ing the center conductor of a stripline transmission line
in a zaf!-7zag pattern. The characteristics of this. circuit have been analyzed
hv several authors. 1 - 3 Due to its planar nature and simplicity, the meander-
line circuit is well suited fo: variable dispersion applications. Figure 2
illustrates the nhase characteristics of the meander-line, As s/ is
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decreased from one to zero, the phase characteristics vary from non-
dispersive to resonant.. Figure 3 shows the configuration developed for
varying s/D and heince the disperoion. The structure is composed of two
substrates with a meander-line pattern etched on each substrate. The
etched pattorns arc nirror images of each other iuch that when the sub-
s+.rates are placed together, the patterns exac.....y match. If the topsubstrate is moved off center, the spacing between adjacent strips "s"
is reduce( resulting in tighter coupling and more dispersion. In
addition to providing a simple means of varying the disp3rsion, an impotant
chpractristic of this circuit is that the characteristic impedance is a
slowly varying function of s/D.

Cromack 1 has shown that the characteristic impedance of the meander-
line circuit can be expressed as

Zo(O) , Z (T + TW F(i)
Whlre Z($) is defined as the characteristic impedance of any tape conductor
in a tape array propagating a T11 traveling wave with a phase change of $
per tape. Z(A) can by expressed in terms of the physical parameters of the
meander-line circuit. Consider the case of 0 n 2 fl, where n 0 0, 1, 2 ...
Then Z(b) and Z(Z + TT) become the so called even and odd mode impedances
respectively and can be expressed in terms of Cohn's 4 fringing calyacitances
for zero thickness strips. As s/D is reduced Z() ir.crea. s and Z($ + iT)
decreases while, the product, which determines the characteristic impedance
remains approximatcly constant. This is strictly true only if W is held
constant. However, with the configuration shown in Figure 3, the variation
in the characteristic impedance can be minimized if the circuit is designed
sucb that W > > s. The above argument is also rre for an arhitrnry value
of 0.

Figure 4 illustrates Z0 as a function of s/D with D constant rather
than W as required by the geometry of Figure 3. The analysis is exact for
the idealized model which assumes lossless conductors of zero thickness and
corners of zero electrical length. In order to minimize the variation of
Zo, s/D should be less than 0.1,

For a given maximum impedance mismatch, Figure 4 determines the range
over which s/D can be varied. The amount of dispersion corresponding to
this s/D range can be determined fro,-; Cromack's dispersion equation for the
meander-line circuit which is:

2 0 2 L1(2
ta: _= tan z(O)

where 0 oD
e = ka

and 00 is the propagation constant of the fundamental spaie haznonic
traveling in the z-direction. k is the propagation constant for the T1
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I]

wave travelir in the x-direction and is given by:

k =- q-r-
r

and "a" is the length of the coupled section. Therefore, 0 represents
the phase shift per tape and 0 represents the electrical length in radians
of the coupled section. Note that 0 is directly proportional to frequency
while 0 is not. I

When amploying the meander-line as a harmonic phase adjuster, the
quantity of interest is the phase difference introduced between the first
and second harmonics. The phase differ nice A v;, as defined in Figure I can
be expressed as:

A 0 _ 26 (e1 )

where 6(01) is thu phase deviation from linearity at the first harmonic
frequency. It can be shown that A 0 is a maximum for e1 (the fundament l
frequency variable) equal to 600. A 0 is ploted as a function of s/u in
Figure 5 with 2A/D as a parameter and 61 = 600. This figure translates
the 1permissible s/D variation from Figure 4 to A 0 variation.

IEXPSTUIAETAL RESULTS

A variable dispersion meander-line circuit has been constructed and
tested as a harmonic nPse adjustor. T1c de.iti paraneters were:

(i) A W to be variable over a 100 range from an arbitrary minimum
value

(2) A 0 variation over a given frequency range to be a minjimum
(3) maximum V,31? = 1.5:1

Condition (3) determines the range over which s/u can be varied. Consider
the idealized case of a unifom transmission line of characteristic
impedance 2 terminated in a 50 - load anuc driven by a 50 2 source. The
worst case mizmatch occurs when the transmission line is an odd multiple of
X/4 in length and the magnitude of the VWSV, at that frequency is

VSAm = ro r0

depending upon whether Z is greater or less than 50 C. On the basis of
this idealized model, the characteristic impedance of the meander-liz musL
be maintained within the range 40.S 0 to 61.3 0 in order to satisfy condition
(0). Figure 4 translates this impedance variation into permissible s/J
variation and Figur-e 5 relates s/D to A 0. The phase difference , 0 plotted
in Figure 5 as a function of s/D is the phase difference per section or per
tape. For an n section meander-.line circuit, the total 4 0 is n 4 P. There-
fore, krowing the range of s/D and hence 4 0 per seci ion the number of
sections n can be deternmined as required by condition (.

395



Figure 6 illuatrates the measured values of the phase difference
A 0 as a function of the normalized fundamental frequency variable 6
The three curves plotted in Figure 6 were obtained with the unit in ihree
different settings. The bottom curve was obtained with the device in the
minimum phase difference position, i.e., the top substrate positioned such
that the two meander patterns match resulting in minimum dispersion. The
theoretical curve for this setting is also shown in the Figure. The
experimental A 0 curves do not reach a maximum value at exactly B = 600
as theory predicts, but the maximum point shifts toward 600 as si is
decreased. This effect can be attributed to the finite length of the
meander-line corners. The corners capacitively load the coupled section
of the meander-line increasing its effective electrical length. By reducing
the spacing s, the effective length of the corners is also reduced. This in
turn results in less capacitive loading, thereby approximating the zero
lergth corners of the theoretical model.

The insertion loss was less than I dB over the frequency range
o 50° to 125c (1.5 octaves) for all A 0 settings within the 180 degree
interval and the VSIR was less than 1.6:1 over the same interval.

In summary, a variable dispersion meander-line circuit has been
developed with the capacity to continuously vary A 0 by more than 1800,
while maintaining an impedance match. The theoretical model has been shown
to give excellent agreement with the experimental results.
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LOW-POWER CMOS MASS MEMORY

Robert M. Trepp, Senior Engincer

Westinghouse Electric Corporation

flaltimore, Maryland

Abstract

A mass memory of 107 bits can be built that is random access,
low power, 1. 2 microsecond read or write, low size and weight and
that would be suitable for airborne radar data memories and for the
replacement of space tape recorders. The technology selected in 1970
for the mass menory was complementary metal oxide silicon (CMOS)
because of its availability and low power dissipation. Other tech-
nologies evaluated were P channel MOS, N channel MOS, and bi-
polar, bat each was found to dissipate considerably more power.
Metal nitride oxide silicon (MNOS), change coupled devices (COD)
and orthoferrites (magnetic bubles) were considered very nrn -_1is-

ing. but they arc in the devclopincnt stage and unavailable in
quantity.

A design of a 3. 6 million-bit CMOS random access memory was
performed under contract with the Navai Aix Development Center
(NADC)( 1 ). The design was proven by building of small portion of
the miemory (2, 3, 4) 192 words by 32 bits, using bare chip packaging
techniquesi and ceramic substrates. The packaging and substrates

incorporate the design approach for the 3. 6 million-bit CMOS ran-
dom access memory. Tha 192-werd by 32-bit CMOS memory was
delivered to NADC in Ju..ce of 19/71, anid it has been operating satis-
factorily since that time.

The 192-word by 32-bit CMOS memory was constructed with the
two substrate packages shown in figures 1 and 2. Each package
contains 192 words by 16 bits, which includes the necessary address
decode and data buffers for the formation of larger memories by
wiring several packages together.
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Logic Design

The 192-word by 32-bit CMOS memory has 8 address lines (A I
through A8), 1 read/write line (W), 1 nhcnory strobe line (S), 2
power lines (B4, gid), and 32 data lines (DI through D32) - a total
of 44 interface lines. A logic 1 is at i voltage (1Z. 5 V) and a logic
0 is at ground (0 V).

When the memory strobe line is a logic 1, a CMOS memory chip
on each substrate will be selected by address lines AS, A6, A7, and
A8. The bidirectional CMOS buffer chips (Z21 and Z22) will bring the
data from the interface data lines (Dl through D32) to the memory
chip for the write operation or will bring the data from the mcmory
chip to the interface data lines for the read operation, depending on
the logic level of the read/write line (W). Each CMOS memory chip
has 16 words by 16 bits. Twelve chips on each substrate are bussed

together, except for chip slect signal, to form 192 words by 16 bits as
shown in figure 3. Each bit of the 16 bits cf data has a bidirectional
CMOS buffer driver circuit from either chip Z21 or Z22 to buffer the
data between the memory chip and interface data lines to ens-urc suf-
ficient capacitance drive for speed. Address lines Al, A2, As, and
A4 are bussed to all chips on a substrate after passing through a
buffer gate and address one of the 16 words on the chip.

Electrical Design

The electrical design uses all CMOS logic gates. All interfaces
bet.een .CM.O. h ip arc at CMOS logic levels 0 V or 12.5 V. Wct.t-
inghouseC fabricated the 16-.word by 16-bit memory chips and the bi-

directional CMOS buffer chips. These circuits were augmented by
off-the-shelf one of eight CMOS decode chips (SOL 506),j AL..., Solid
State Scientific, hex invertor CMOS gate chips (CD4009) and four 2
input NAND CMOS gate chips (GD4011) from RCA.

The substrate package used to hold the CMOS chips has 32 pins
and is 1-3/8 by 2-1/4 inches supplied by Tek Form. The ceramic
substrate is 1. 05 by 2. 00 by 0. 030 inches. The substrate is metal-
lized by vapor deposition and plating. The interconnections arc nade
on one side of the substrate with 0.00--inch lines and 0. 005-ilch

spacings. Connections from the chips to the substrate are made by
ultrasonically bonding 0. 0008-inch gold wires. If two-layer metal-
lization is used on the substrate, all bonding pads would be located close
to the chips for easier bonding and shorter gold wires. Each sub-
strate package is filled with dry nitrogen and hermetically sealed.
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Design of a 3. 6-Million Bit Razidomn Access CNMOS Signal
Processor Menivry

A 3. 6-million bit CMOS memory that will be random access, low

power, I. 2'-microsecuzid read or write cau be fabricated usiug the

same iiemor) substrate packages delivered oil this contract as

shown in figure 1. The 3. 6-imillion bit CMO5 inezbory miiay be or-

ganized Z04, 800 words by 18 bite or 4,096 words by 900 bits. In

addition, the memory may be configured into other rnezIiory orga-

nizations by changing the back panel iiitercouection wiring.

CMOS Memory Substrate PackaL.j (2 6 words by 18 bits)

If full use is nade of the melory substrate package, as de-

scribed in the previous paragraph, by using 16 nicnmory chips and

using 18 bits on the memory chip, then the mniory substrate pack-

age would bc Z56 words by 18 bits.

CIOS Memory Section (4, 096 Words by 18 Bits)

Sixteen CMOS memory substrate pack;'ges, CaL h containfing t56

wrds by 18 bits, may be wire bussed together as shown in figur,: 4

to form a 4, 096-word by 18-Lit rn,,itrry section.

4 Additional I(thi decode and buffet substrat.- package will be

ornv_,, , ! t.) ,uf..- the daia throigb -a bidircctional buffer, to butler

the addrc:is lines (Al through A8) and read/write line (W) aod to

decodc Fackage select addreRs lines (A9 through A'z, for packag,-

select P' through 1l 6. A menirory section select (MSS) cotwrol line

would bc incorporated within the deco.J.e ti-..l buffer sUb;t rate pack-

age so that dccode and buffering would not take, place unjess thc

menory scction vc,'ect (MSS) if; a logic one.

Two 4,096-word by 18-bit iremory sc-Liono na be |,laced on a

printed circuit board 9. 75 ;y 12. 75 incihe s a shown i, figure 5.

CMOS Mte:iorv t'lodu-e (32, 768 Words by j8 Bits)

Eight 4, 09 -word by 18-bit Iemory aection i iav be wirc bussed
together as shown in figure , to for, 32, Ti-worI by 18-bit

(58'), 8Z24 bits) memory miodule. The Ilmemory section s, lect Lc. cod.

signal will determine which meniory section of the eight is ad rdressed.

An additional decode and buff,.r sul' t7alu )e-.ckage will be provided zo
buffer the data throu-,gl a bidirectiolmi bufzcr, to buffer addru ss lin s

406



r 

P2J ..- i j-----q t DI' .... ..*)II( --6-8 TS - 1 - I

' . -j - ' I " " -

L4 -0j0-

i "O .r r f IUAS

P'-- -t

SWI NO
"' IS 2tCUOBY I Oil MEMIOR , PACKAC' Al At ACTS A)DRiwil WI H ChipB SIOIBLCTIONAL SUFFER ASAI C)Api ELECT ADORESS ITBJlSISD PACKAGE SELE C' DCIDER AGAil PACKAGE SE LEIT A.....PAS -.. R.O Is a.' MEMPY P P IC KACA- $IELFT AODRESST5 PASCKAGE I THROUJGH "6

17 OCTO WE~c Cl01 IT 11515 I TIEROCII ISP1 7 DtCOOL ANDS BUFER SU&STRATI I G

flW READADRI1E

70 582' v Is

Figure 4. 4, 096-Word by 18-. Bit Memory Section Composed
of 16 Memory Packages
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Figure 5. Packaging of 3. 6 -Million Bit CMOS Mcntory with
Two 4, 0 96 -Word by 18--Bit Memory
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MS 4.096 WORD BY 18-BIT MEMORY SECTION Al A4 WORD ADDRESS WITHIN EACH CHIP
BOB BIDIRECTIONAL BUFFER AS AS CH4IPSE L FT ADDRESS

USSO MEMOCRY SE CTION SELECT DECODE A9 A12 PACKAGE SELECT AOPRESS
MMS- MEMORY MODULE SELECT A13 AIS MEMORY SECTION A01,9ES$

MSI-MSSI8 MIVORY SELTION SEL(CT

70 60? V 19

Figure 6. 32, 768-Word by 18-Bit Memory Module

Al through A12 and read/write line (W) and to decode memory sec-
t~ion select address lines A13 through A 15. A mnemory module select
(MMS) control line would be incorporated wvithin th- de-code and buffer
.substrate package so that decode and buffering would not take place
unless the memory module select (MMS) is a logic one.

3. 6-Million Bit CMOS Memory (204, 800 Words by 18 Bits

Six 32, 768-word by 18-bit mnemory modules and two 4, 096-wvord
by 18-bit memory sections may be wire bussed together to form
204, 800 words by 18 bits (3. 6-million bits) memory. The memory
module select decode signal will determine which memory module
an/ol, section is addressed. An -additional decode and buffer sub-
strate package -will be provided to buffer the data and some address
lines Al through A15, while decoding A16 through A19 for memnory
module select. A memory module will fit on 4 printed circuit
boards; therefore, 6 memory modules and Z memory sections will
fit on 25 printed boardEs assembled in a card file 10. Z5(W) by 13. 75(D)
by 12. 75(.-1) inches as shown in figure 5. The card center-to- center
spacing is conservatively set at 0. 5 inches and could be reduced. A
va-,iation of the present packaging approach is known and proven ex-
perimentally that would reduce the volume of the memnory packaging
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by. four. The back panel may be wire wrapped to form various orga--

nizations. If a 4,096-word by 900-bit organization is desired, each
4, 096-word by 18-bit memory section would be addressed simulta-
neously, and the data would be presented in parallel.

Weight

Each substrate package weights 37 gram.a. A printed circuit

board as shown in figure 5, 9. 75 by 12. 75 inches, weights 234
grams. A printed circuit board complete with 34 substrate pack-

ages weights 1, 492 grams or 3. 29 pounds. Twenty-five PC boards
as shown in figure 5 weigh 82 pounds. The frame, connectors, and

wiring bring the total weight to about 90 pounds.

The 1. 2-microsecond read time is estimated to be apportioned

as followv: 350 nsec for address decode and chip select, 400 nsec
for chip access time, 450 nsec for the bidirectional drivers. The

0. 85 microsecond write time is estimated to be apportioned as
follows: 350 nsec for address decode and chip se]ect, 450 nsec for
bidirectional drivers running concurrently with address decode, and

400 nsec for chip access time.

eakarge Power

Wich this CMOS memory design, no refresh cycle is required,

and no dc current is used for address or data drivers. If the leakage

current associated with one memory cell, 8 devices, is 10 nA, and

the supply voltage is 12.5 V, then the power dissipation per memory

cell is 0. 125 microwatts.

Dynamic Power

9The dCt-aLtic power dissipation due to a read or write cycle oper--
ation is determined by the capacitance that is charged up during each
cycle. The power dissipation is calculated by the formula P = GV f,

where P is expressed in watts, C is expressed in farads, V is ex-

pressed in volts, and f is expressed in hertz.

The memory characteristics for the 3. 6-million bit mass niernory
using two tremory organizations are summarized on the next page.
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a. 204, 800 words by 18 bits

* Access time 1. 1 psec
* Read or write cycle 1. 2 jisec
* Fower (standby) 0. 50 watts
* Power (operating) 0. 81 + 0. 50 = 1. 31 watts 3
* Size 10, 25 by 13. 75 by 12. 75 irnches (1800 in.

* Weight 90 lb
* Power Supply +12. 5 volts

* Environmental -55 0 G to +125 0 C

b. 4, 096 words by 900 bits

* Access time 1. 1 jssec

* Read or write cycle J. 2 1piec
* Powe;r (standby) 0. 50 watts
* Povrer (operating) 25. 3 watts 3
* Size 10.25 by 13. 75 by i2. 75 inches (1800 in.
* Weight 90 -b
* Powe r Supply +32.5 volts
* Environmental -.55 0 C to +125 0 C

The results from the reported CMOS memory work show that a :nazs
io 7 bit CMOS randun access memory would be suitable for radar

data memories and -or the replacement of space tape recorders.
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A 1280-B1T MNOS RAM

R. J. Lodi, 11. A. R. Wegener

and W. Molerg

Sperry Rand Research Centei
100 North Road

Sudbury, Massachusetts 01776

Abstract

This paper describes the development of a fully decoded 1280-bit
random access memory chip utilizing variable threshold MNOS transistors
as the storage elements. The voltage polarity requirements led to the
development of a unique control circuit. Chip organization, layout and
other design considerations are discussed as well. Finally, test
restlts from fabricated circuits are presented.

I
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A 1280-BIT MNOS RAM

I NTRODUCTI ON

In order to take advantage of the bit densities possible with MNOS
variable threshold memory transistors, full decoding and write control
must be provided on the chip. A 1280-bit memory chip with a .72 sq.
mil/bit single transistor memory cell, full address decodi.ng and write
control circulitry has been developed. This paper describes the desig1,
fabrication, and test results of this MNOS memory chip.

In order to have an understanding of the circuit requirements, the
properties of the MNOS memory transistor will be discussed. The memory
device has the structure of a typical p-channel enhancement mode
insulated-gate field-effect transistor (IGFET). By using specially
treated silicon nitride as the gate insulating material, charge may be
stored in the gate region in such a way that it. produces a positive or
negative shift in the gate turn-on voltage. These shifts can be
retained for a long period of time but are electrically reversible.
Once the threshold voltag has been set to a predetermined value, device
operation is the same as a fixed threshold insulated gate FET. Infor-
mation is stored by setting the threshold voltage (V ) of the IGFET to
a high (VTi) or a low (VTL) value. A high (negatives threshold voltage
is set by applying a pulse of -30 V between the gate and substrate.
The low (V T ) value is obtained by similarly applying a +30 V pulse.
Interrogation is accomplished by applying a g3te voltage intermediate
to the threshold voltage extremes (V,). Figure 1 shows the idlalized
Araii current vs gate' voltage characteristic for the typical memory
cell. The V, gate voltage turns ON the memory transistors that have
been set to Ihe V threshold level causing a drain currej.t (I ) to
flow. Those memory transistors that have beern set to the V Phreshold
level remain in the OFF state. The drain current from the U memory
transistors is sensed at the outputs. Figure 2 shows the hysteresis
loop of the memory cell.

A decoded MNOS memory chip requires that circuits be provided to
control both the positive and the negative voltages needed for setting
the desired threshold level in the memory device. In undecoded MNOS
chis the memory gntes are directly accessible and the positive and
negative potentials can be applied to the gites from external sources.
Since all devices on the decoded chip are p-channel enhancement type,
positive (referred to the substrate) voltages cannot be used. The
solution to this problem is to provide an isolated substrate region

*The work herein re},vi Led wis sponsored by the Air Force Avionics
Laboratory, Air Force Systems Command, Wright-Patterson Air Force
Base, Dayton, Ohio under Air Force Contract No. F33615-70-C-1306.
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for the MNOS memory devices. Then, by applying n negative voltage to
the memory substrate and 0 V to the memory gate, the insuLtlor is
exposed to the correct positive potential required for setting the
threshold to the low (V ) level. If the mcmory substrate is held at
0 V and a negative poten'ial is applied to the memory gate, the applied
potential across the insulator is such that a high (negative) threshold
voltage (V111) is written into the memory devicc. The circuit that con-
trols the voltage polarity applied to the memory devices must be con-
trolled by the decoder so that only the selected memory transistors
will be exposed to the writing potential. Figure 3 shows the unique
approach used to control the polarity of the voltage impressed upon the
memory devices. Devices BD an B make up a pair of buffer transistors
which function as a source follower or an inverter. This is accomplish-
ed by changing the polarity of the voltage applied to the source and
drain lines of BD and BL under control of an input signal 0.

Assume that the p input is low. The common source line of the BD
devices will be at a low level determined by the 0 driver,and the
common drain line of the B devices will he high (0 V) due to the
inverting action of the 7 hriver. Device B) operates as a source
follower applying the decoder output level Yo the gates of the memory
devices. The selected decoder output is low and the non-selected out-
put is high (0 V). The inverting action of the substrate driver applies
a high (0 V) level to the isolated memory substrate. Thus the selected
row of memory devices have a low voltage level applied to their gates
and a high (0 V) level on the substrate causing the net voltage across
the device to be in the direction that sets a high (negative) threshold.
The non-selected rows have 0 V on their gates and 0 V on the substrate.

If the 0 input is hijh, the polarity of the commion source and drain
lines will be reversed and the resistance ratio of the BD and BL devices
is such that they function as an inverter. In this case the low output
of the selected word will be inverted by the buffer and a high (0 V)
signal will be present on the memory gates. Unselected rows will have
the low level applied to their gates and the memory substrate will be
at. its low level. Thus the selected row of memory devices will have a
high (0 V) level applied to their gates and a low levrl on the sub-
strate. The net voltage across the memory device is in the direction
that sets the threshold to a low level. Non-selected rows have a low
level on their gates and a low level on the substrate. The magnitude
of the low level applied in either statce is dtitrmied by the V
power input. This approach simplifies the hardware needed to s'i sfy
MNOS device voltage requirements to a single polarity power driver
(V G) and a control input s.

The circuit output is designed for current sensing, A single pin
on each bit line is used for both input and output. Chip select and
voltage level control is determined by the voltage applied to the V 6G
input. Address inverters are included on tile chip and the address
inputs accept negative RIOS levels. A simplified circuit diagram is
shown in Fig. 4.

The chip is organized as 128 words of 10 bits each. Figure 5
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shows a block diagram of thc circuit organization. Each of the 128
word lines is a common connection of 10 memory device gates. The bit
lines consist of a common source and drain diffusion for 120 devices.
Figure 6 is a photomicrograph of the 150 mils x 85 mils chip.

The chips are fabricated on a p-type slice with an n-tupe epilayer.
Isolation of the mmory substrate is the first step. This is followed
by the p-type source and drain diffusions, The fixed gate devices are
then deposited, followed by the deposition of the variable MNOS devices.
Finally, the eluminum metalization is deposited and the interconnection
pattern etched.

A test cyule has been devised which shows the operating states of
the circuit as well as the voltages present on the memory control in-
puts. Referring to Fig. 7, time period I shows a Logic 0 (no current)
level being read. During time 2 a Logic 1 is written into the same
location and read during time 3. Time period 5 shows the bit returned
to its original Logic 0 state, Figure 8 is an expanded view of the
same sequence with the tinme periods labeled in terms of read and write
memnry cycles.

SUMMARY

A 1280-bit fully decoded memory chip has been developed that
operates with single polarity input signals. Polarity inversion is
performed on the chip by means of a buffer circuit and an isolated
memory substrate. The circuit has been fabricated and test results
agree with the predicted response.
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BUBBLE MIMORY STATUS AND TRENdL: IN
U.S. GOVENIENT DATA STORAGE APPLICATIONS

William C. Mavit
North American Rockwejl Electronics Group
3370 Miraloma Avenue, Anaheim, CA 92803

ABSTRACT

TIhe usage of bubble memories in the varJous data storaet- -liSiovs
of the srmnsoring agencies will be discussed Ifom the standpoint of
the precsevt status of U.S. GovernmlentiNMII contracts. Projectiors
of availability that canl be used to plan future programs are preseinied.

IN TRODUCTI ON

roe U.S. Government interest in bubble domain teehncloy s beitig
well demonstrated by the suppc, t that military and civilian agencies
are providing to contractors in the areas of materials research,
devices, manufacturing technoloey, systems plsnniin aeAd -.yst.C....
dcvclopaiua Fi le resultant from this !inve.t:ent will be a widu ranlge
of memory products that will be .-apable of operating under diverse
environmental conditions to prc. idE a comnon solution to the %many
different data storage missions of the U.S. Goverr,.ent. These iem\oiy
missions run the gamut. from the high environmental performance
required of satellite systems o economically competitive billion bit
mass memories operating in ground based corputer systc.ts. In betweer.,
strategic data storage missions in aircraft, th: mobile army, aid
surface and submerged naval vessels will be successfuily accomplish'l!

BUBBLE MEMORY CAPABILTITS

The techni';al capabiliti-s of a .ubble memory tha't allows this new
storage media to be adapted to so many differert appljcation!s are
shown in Table 2. Over and above the straightforward technical
advantages of NDRO, non-volatility, and no mechai.:al inertia - tne
most. exciting technical enlhaiieements are ti properties of s:ynchronous,
multi-speed operation. No longer rust the parent equipncrst be saved
to the peripheral-s. With the facility to ojcra'tc the nemcr* at nny
speed up to the design maximum and tien to be ablc tn ,top, hnhid or
even reverse the direction of data floj, the system designer/u.,etr cn
enhance his throughput and efficiency. Oile we use the t.erm "av<rage
access time" to make eowrisons;, the ab[lity of bu'ble menc;es to
stop a data flw and wait for a new start comiand mi"t!hs this term



obsolete in many anplications. Significant latency times are applicable

only when a large address Jnmp is required by the program. The "average
access time" is reduced by haif when date propagation in two directions
is implemented. As the function of Reading & Writing are accomplishe
by different patterns in the device they operate independently. A Read-
Modify-Write can be accomplished on the same data pass through the
control elements. By the proper placement of th. elements of the
detector bridge a check operation can be performed within several bit
times of the modify operation.

Table I

Sitbilit ~of a Bubble Memorz

Asynchxonous Operation (forward, stop, reverse)

100 fold 1iprovement in access time (100S -- 10 mS)

Read/Modify /Wr§.te/Check "on the fly"

Passive construction ('io diffusion, no semiconductor junctions)

Non-Detructive Readout

Non-Volatile Storage

No Mechanical Inertia

BUBBLE 'EMORY MISSIONS

A representative sample of potential tubble memory mifssions is
shon in Table 2. They differ in capacity, data rate, and access time.
Environmental design and packaging will be unique for most applications.
Satcllite tiage has a prime consideration for power dissipation; mobile
(land, air or sea) usage has temperature range as a prime corsideration;
and pernanent installtion tend to optimize data throughput.

Table 2

'IYical Bubble Memory AjTl1iationzs

APPLICATIONS Cf PACITY BIT BATE

Dran fl tmexi~ Ti Refresh 7xl01 B 9x10 5 Dd

Digital Eec ording 108 B 108 Bd

Satell.,.te Tape Recorder 4x201 B i04 Bd

I, tellite - Radar Data l07 B 205 Bd
Memory 7

GCn Base Datu. StoraSg 2x1 B 107 d
0.1-5 mS access time

Bu. Memory b09 D3 1O7 Bd
1.0 mS access time

13 bitu; Bd -- Baud bit/sec
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Table 3 shows how bubble systems compare against the perfomance
criteria of disks and drums. Given equal capacity and mission, the
bubble memory outperforms the competIng teemology each time.
Similar comparisons can be made holdin.g other paraumeters constart.
For example, if data rates are constant, a tape recorder replacement
for a collect-store-forward application can rake use of the multi-speed
capability, and in addition more bits/pound can be provided. In a

satellite this can mean an expanded missio;i or a lighter memory.

TaiXLe 3

Rotating Meories Vs Bubble Memories

FIXED HEAD
CHARACTERISTICS ROTATING Mi1ORIES BUBLLE MFIORY a

Access Time (') 2.5 - 16.0 0.150

'ransfer Rates (MBd) 2 - 4 (Fixed) 2 (Variable)

Synchronization with No Yes
Pareut Equipment

Write partial block No Yes

Size Range Uneconomical Below Econaical in
2 MBits Smaller Sizes

NE BUBBLE PROGRAM STATUS

At North Ameri.±u Rockwell we are pleased to be working with
several agencies in developing and proving the bubble technology.
Table 4 shows a comparison of three different bubble films developed

with the support of the agencies listed. The attributes and detriments
to the usage of each of the films is listed. The Ga:Y,GdIG film on G3

via CVD is continuing to be perfected under NASA-LBC sponsorship.
In addition company funded investigations into LPE technologies are
also underwmay. These CVD and LPE filim; will be evaluated in our AFML
Manufacturing Methods contract to determine an optimum film for pro-
duction, dcsign the methods of production, and offer it to device
experimenters and systems ce.;Jgners. Devices were constructed using
Ga:ErIG on a mixed (Gdby)G substrate which was developed to allow a
widei raije of film compositnon to be investigated. A physical model
for stress induced anisotropy was developed. Work under AFML sponsor-
ship is continuing to investigate radiation hardness, weal mobility
and velocity improvement, temperature coefficient improvements and
resistance to shock and vibration of the bubble materinls° Work for
the USAECOM is ncw active in the device area studying high speed
propagation.
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Device studies are now underway, sponsored by the AFAL, to optimize
the performance of bubble devices under system usage conditions. Some
of the patterns that have been utilized are shown in Fig. 1. We have
developed devices that operate from external exercisers in all modes.
A significant finding in the understanding of bubble control has
resulted From our studies. When attempting to explain or design
bubble patterns the field created by the bubble itself must be con-
sidered in addition to the fields created by the propagation field
interaction with the permalloy pattern. A model was formulated which
has been proved both theoretically and experimentally. The progress
to d.te fully supports the projections used by our memory system
design staff in niaming for the introduction of bubble memories into
the marious U.S. Government agency missions. We are no longer
satisfied with just operating buhble devices. By using the model and
intensive laboratory experimentation the effort now is to ma.mize and
make congruent the margin of operation of the basic device elements -
propagation structure, generator, detecter, annihilator, and suitches
at ever increasing data rates.

BUBBLE FUTURES

The time is now appror to enter areas of investigation unique
to the requirements for gcv, 'tal missions. For example, two area!;
ready for investigation are t. ature range and module size. It is
desirable to have the bubble m.. ain a ccnstant diameter over as wide
a temperature range as possible. Even as the basic materials are
developed to minimize the effect of temperature, a combination of
tem erature varient magnets and shunts for the bias field will be
required to ensure operation over the wide environmients found in
tactical missions. An effort to develop the basic materials requied
is appropriate. The volume of controlled flux that the propagation
coils create can be traded against power and drive voltages. In aero-
space usage, a small modular building block that requires loer
voltages (BVCEO) and total power, and which then could be driven in a
matrix, may be more useful than one large power-consuming module.

The present state of our development programs indicates that
scheduled progress has been attained and program goals are being met.
An internal study at NREG indicates that, for aerospace programs,
memory requirements will continue to grow logarithmically with linear
time. We expect that trend to hold true for non-aerospace applica-
tion-., as well, Figu _re 2 shows this gro 'h for" both ,ia~ca

functions and added functions in new equipments. Ilfc cross-hatched
ray shows the present and projected development of bubble memories to
overtake and eiceed these program needs by the mid 70's. Bubble
memory technology and development has progressed to the point where
introduction of memory hardware into defined programs can be
scheduled. With your continued support bubble memories will be
available when they are needed. It is now appropriate for systeum
designers in all. agencies to categorize and specify their data storage
needs so that feasibility can be proved and detailed equilment designs
can be begun.
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AN LSI MEMORY SYSTEM FOR
MILITARY MAINFRAME APPLICATIONS

Richard A. Zbriger

Litton Systems, Inc.
Data Systems Division

Van Nuys, Calif.

Abstract

A rando----- --... meoZy sybtem utilizing' 1024 bit dynamic MOS devices

has been developed. The system described is nonvolatile, organized
8K words by 33 bits, and meets the requirements of an existing
military system.

I NTRODUCT ION

Semiconductor memories offer numerous advantages as a replacement
for core memories in future military systems. Lower cost, improved
performance, higher reliability, and greater maintainability are just
a few of the potential advantages of a random access memory system
utilizing Large Scale Integration (LSI) devices. Studies conducted on
the developments in the semiconductor industry have indicated that
existing random access memory devices are feasible both technically
and economically for use in military mainframe applications. A
militarized 8,192 word by 33 bit semiconductor memory system has been
developed and evaluated. The system uses MOS (Metal-Oxide-Semiconductor)
devices for data storage; and is functionally equivalcnt to an existing
core memory module. The feasibility of such a system has been proven
by successful performance in lauoratory evaluation and six months of
continuous usage in a militarized computer system.

The computer system used for evaluation is a military command
and control data processing system produced by Litton Data Systems
for the U. S. Army. Its requirements are typical of ground based
transportable equipment. The system's basic memory module is an
8K word by 33 bit core memory having an access time of 700 nsec and
a cycle time of 2 usec. The entire system is cooled by forced air,
and will operate over a temperature range of -30C to +550C.
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The introduction of 1024 bit memory devices during the past

two years made possible the development of a cost effective memory
system which could replace the core system. The basic design
requirements established for the LSI Memory for usein this system
include:

1. Memory device selected must have multiple sources.

2. Exceed perforn.snce parameters of the existing core
memory system.

3. Memory system nonvolatility.

The latter item has been a primary argument against the use of
semiconductor memories as mainframe storage. For most system appli-

cations protection is necessary only for power transients of short

duration. In real time applications when prime power is lost, tae

stored data is invalid after a specific period of time, After power
is restored, it is necessary to update the information stored in
memory. Important programs and data are normally stored on tape,

drum, or disc and reloaded whenever prime power is cycled. Therefore,
nonvolatility for a long period of time is not necessary for the high
speed mainframe memories. The developed system is provided with a
battery to allow data to be retained when prime powe. is interrupted.

A one hour minimum nonvolatility requirement was established for the
program.

The MOSTEK 4006 device was selected as the storage element for

the system after a careful analysis of available device*. The study
included the evaluation of the specific technologies, laboratory

testing of devices, and a system's cost vs. performance study. Bi-
polar and Static MOS devices were eliminated early in the investiga-

tion because they are not cost effective for most mainframe system
application. The MOSTEK device is a 1024 bit dynamic P channel MOS

device utilizing Ion Implantation processing. Table I contains a

summary of the device's characteristics.

SYSTEM DESCRIPTION

Thc, DIOS '., memory is divided iuWit four functional areas which

consist of the Port Logic, Timing and Control, Memory Array and

Power System. This is illustrated in Figure 1.

The Port Logic provides the interface between the Memory Array

and the processing units accessing the memory. This interface is
designed to handle requests from up to four processors. Priority
is resolved by the Port Logic for simultaneous requests, and data

is channeled to or from the selected processor.
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'The Timing and Control card accepts memory cycle requests
from the Port Logic, and provides the required timing signals for
all memory operations. Since the storage elements are dynamic MOS
devices, the stored data must be periodically refreshed. A low
frequency temperature varying oscillator is provided on the Timing
card to periodically request Refresh cycles. At lower temperatures
the memory devices require less frequent refreshing, and the oscil-
lator frequency is automatically reduced. Logic on the card resolves
priority between normal memory and Refresh cycle requests and
initiates the proper timing.

The Memory Array consists of the entire 3K word by 33 bits of
storage and is contained on eleven circuit cards. Each card is
organized 8192 words by 3 bits, and contains 24 memory chips, address
buffers, sense circuits, a data register, and a power switch. The
power switch greatly reduces system power by reducing the voltage
across the memory devices not being accessed. The Memory Array card
is shown in Figure 2.

As indicated in Table 1, the MOSThK 4006 operates on +5 and -12
volts, and has a basic access/cycle time of 400/650 nsec. Figure 3
indicates how the device is organized. te chip consists of .n
array of 1024 memory cells organized into 32 rows by 32 columns.
To access a particular location, 5 binary address bits are decoded
to select a particular row of 32 memory cells and 5 additional bits
are used to select one cell of the 32.

A basic memory cell is a 3 MOS transistor circuit configured
as shown in Figure 4. Information is stored as charge on the gate
capacitance of transistor Q. Because the gate is not a perfect
capacitor, charge is continually leaking off, and it is necessary
to periodically replace this charge or Refresh the cell. This is
accomplished by first reading the data from the cell onto the Read
Bus, and into a Refresh Amplifier which restores the data on the
Write Bus. Data is restored to the gate of Q1 by enabling Q3. Bach
device contains 32 Refresh Amplifiers, one per column, and 32 locations
are refreshed simultaneously. The entire array is refreshed by
cycling through the 32 row addresses and performing a Write cycle or
Refresh cycle at each address. A Rcflrcsh cycle consists uf a Write
cycle with the chip's input/output circuitry disabled to prevent the
writing of erroneous data.

The Power System provides the necessary power for the memory.
It rece.ves input power from two sources, a primary source of 270VDC
and a secondary (battery) source of 24 volts. The primary source
provides pow.;r necessary for normal memory operation. If prime power
is lost, th --scndary power source provides the power necessary to
retain previously stored data until primary power can be restored.
During the data retention mode of operation, power is applied to only
those circuits required to retain information. The LS! Memory is shown
in Figure 5, and Table 2 lists the basic characteristics of the system.
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SUMMARY

The feasibility of MOS memory devices for military mainframe
application has been demonstrated by the development and evaluation
of a militarized memory sys tern. The unit has been suecessfully
tested over the temperature range of -30C to +70 0C, and used in
multiport modes of operation.

The improved performance and maintainability of the LSI Memory
make it a desirable replacement for the existing core system. The
faster access and cycle times provide increased processor throughput,
and the modular design simplifies fault isolationo Maintenance costs
are reduced because of improved reliability, simplified fault isolation,
and the lack of expensive spare items (i.e. corestacks).

The results of the [SI Memory program have been very encouraging.
Careful evaluation of both device characteristics and system require-
ments is extremely important when selecting components for a particular
application. The devices can be operated over an extended temperature
range without affecting their reliability. Semiconductor memory devices
offer too many advantages to be ignored because of the label "limited
temperature range", and should be given carefui consideration for use
in future command and control data processing systems.
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Figure 1. Block Diagram of LSI Memory System
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" able ,,1

Characteristics of MOSTEK 4006 Device

Parameter Characteristic

Technology Dynamic P Channel MOS;
Ion Implantation

Organization 1024 X I

Voltages Required +5 t5% volts, -12 ±5% volts

Access/Cycle Times 400 nsec/400 nsec (READ)
650 nsec (WRITE)

Refresh Period 2 Msec

Input Signals 5 volt level signals

Output Signal Current sensing required;
I mA mirimu,

Mayimum Power 450) mW (operating);
Dissipation 50 rnW (stanby)

Package 16 Pin Ceramic Dip

Specified Operating 0C 1 I ambient :S 700C
Tepperature Range
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Ta*ble 2

Characteristics of LSI Memory Sstem

Parameter 
Characteristic

Capacity 
8192 words X 33 bits;
Random Access

Interface 
Multiport with
Priority Network; Bidirectional
Data Lines

Nonvolatility 
I Hour

Operating Temperature -30oC . T ambient 700C
Range

Access/Cycle Time 660 nsec/l''2 usec
Read or Write Cycle

Prime Power 270 VC 
-

Power Dissipation 65 watts (normal operation).,
16 watts (data retention)
Excluding Converter Losses

Size Approximately 22"- X 6" X 13"
Weight 

Approximately 60 Ibs.
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